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^ ' Abstract 

cn 
o 

OO ■ We study the effect of RR and NSNS 3-form fluxes on the effective action of the 

o, 

' worldvolume fields of Type IIB D7/D3-brane configurations. The D7-branes wrap 

O 

4-cycles S4 on a local Calabi-Yau geometry. This is an extension of previous work on 
hep-th/0311241, where a similar analysis was applied to the case of D3-branes. Our 
Q I present analysis is based on the D7- and D3-brane Dirac-Born-Infeld and Chern- 



Simons actions, and makes full use of the R-symmetries of the system, which allow 
us to compute explicitly results for the fields lying at the D3-D7 intersections. A 



^ I number of interesting new properties appear as compared to the simpler case of 

configurations with only D3-branes. As a general result one finds that fluxes stabilize 
some or all of the D7-brane moduli. We argue that this is important for the problem 
of stabilizing Kahler moduli through non-perturbative effects in KKLT-like vacua. 
We also show that (0,3) imaginary self-dual fluxes, which lead to compactiflcations 
with zero vacuum energy, give rise to SUSY-breaking soft terms including gaugino 
and scalar masses, and trilinear terms. Particular examples of chiral MSSM-like 
models of this class of vacua, based on D3-D7 brane systems at orbifold singularities 
are presented. 



1 Introduction 



In the search for reahstic string compactifications two important problems appear. 
On one hand, in e.g. famihar Calabi-Yau compactifications, one typically has a large 
number of perturbatively masslcss fields, namely the complex dilaton, Kahler and 
complex structure moduli, and possibly others (e.g. gauge bundle or brane moduli). 
Thus the string coupling as well as geometric data of the compactification remain 
undetermined at the perturbative level. A second problem, possibly related to the first 
one, is how to break supersymmetry in a controled manner if we start with e.g. a 
N = 1 supersymmetric compactification. 

In the last few years it has been realized that a general compactification allows for 
an additional ingredient, not considered previously, namely field strength fluxes for the 
internal components of p-form supergravity fields [1, 2, 3, 4, 5, 6, 7, 8, 9]. Interestingly, 
this new ingredient may have an important bearing on those two problems. The case 
of NSNS/RR 3- form field strength fluxes in Type IIB CY orientifold compactiflcations 
(or more generally, F/M-theory on CY fourfolds with 4- form flux) has been studied 
in particular detail (see e.g. [2, 4, 6]). The presence of the fluxes induces a non- 
trivial warp factor in the geometry, as well as a non-trivial source for the RR 4-form 
potential. However it has been shown that, due to the presence of 03-planes in the IIB 
construction (or more generally, the F/M-theory tadpole from the Euler characteristic 
of the fourfold [10]), the Type IIB 10-dimensional equations of motion can be solved 
consistently with 4d Minkowski space, if the internal 3-form flux is imaginary self-dual, 
ISD (analogously, if the F/M-theory 4-form flux is self-dual). 

The fact that the (quantised) fluxes should be ISD to solve the equations of mo- 
tion generically determines dynamically the value of the complex dilaton r as well as 
all complex structure moduli, while Kahler moduli are not stabilized. For adequate 
choices of fluxes, the complex dilaton may be fixed at a perturbative value, so that 
one expects the description of the compactifications in terms of classical supergravity 
to be a reliable approximation (in the large volume limit in Kahler moduli space). It 
has further been argued that non-perturbative effects depending on the Kahler moduli, 
which are generically present in this kind of compactification, like non-perturbative su- 
perpotentials from strong infrared dynamics of gauge sectors on the D7-branes or from 
euclidean D3-brane instantons, may determine also all the Kahler moduli [11] (pos- 
sibly at large volume). This has been further explored in explicit models in [12, 13], 
with positive results in a sizeable number of examples [12]. This setting thus provides 
the first examples of tractable string compactifications with all dilaton, Kahler and 
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complex structure moduli determined dynamically. 

Field strength fluxes may also be important for the second problem mentioned 
above, the breaking of supersymmetry, since the generic choice of fluxes in a compact- 
iflcation is in fact non-supersymmetric (although many examples with supersymmetry 
preserving fluxes have been constructed). In particular the fleld theories inside Dp- 
branes located in the CY compactiflcation, which are supersymmetric in the absence 
of fluxes, may get SUSY-breaking soft terms in the presence of fluxes. This is partic- 
ularly interesting since it is possible to embed chiral gauge sectors relatively close to 
the (MS)SM in D-brane conflgurations in the presence of 3-form fluxes [14, 15, 16]. 
In the case of gauge sectors localized on D3- (or anti-D3-) branes, such terms have 
been recently computed in [17, 18, 19]. In particular it was found in [18] (see also [19]) 
that only imaginary anti-selfdual (lASD) fluxes gives rise to SUSY-breaking soft terms 
on the worldvolume of D3- branes ^. This is unfortunate because, as we mentioned, 
only ISD fluxes solve the equations of motion. Thus, in order to have non-vanishing 
soft-terms, we either add lASD fluxes, and hence do not solve the equations of motion 
at this level (hoping that other effects would perhaps stabilize the compactiflcation), 
or else we include anti-D3-branes in the compactiflcation, thus breaking supersymme- 
try in a less controlled fashion. The latter is certainly an interesting possibility, as 
advocated in [18], since anti-D3-brancs turn out to be an important ingredient in the 
proposal in [11] to obtain dcSittcr vacua in string theory. 

In any event, it would be interesting to have Type IIB CY orientifold compact- 
ifications (or more generally F-theory compactifications on CY 4-folds) which have 

= 1 supersymmetry in the absence of fluxes, and yield SUSY-breaking soft terms 
upon turning them on, and still obeying the Type IIB equations of motion. One of the 
motivations of the present paper is to provide examples of this class. Specifically we 
analyze the effect of 3-form fleld strength fluxes on the world- volume flelds of D7/D3- 
brane conflgurations, extending the results for D3-branes presented in [18, 19]. We 
show that, in contrast with the D3-brane case, ISD fluxes do give rise to non- vanishing 
soft terms for the flelds on the worldvolume of D7-branes. 

This result is interesting for a number of reasons. In particular this shows that Type 

IIB CY orientifolds in the presence of ISD fluxes provide us with (to our knowledge) 

the flrst known class of string compactiflcations to 4d Minkowski space which solve the 

classical equations of motion and lead to non-trivial SUSY-breaking soft terms, in a 

^On the other hand ISD do give rise to soft terms on the worldvolume of anti-D3-branes. The 
presence of these however break supersymmetry in a less controlled fashion. 
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controled manner. Apart from its theoretical interest, the structure of soft terms, if ap- 
phed to reahstic models with the SM living on D7-branes, may be of phenomenological 
relevance (see [20]). 

Another application of our results concerns the proposal in [11], attempting to fix 
dynamically the Kahler moduli in type IIB orientifolds of this class, mentioned above. 
A potential problem in generating non-perturbative superpotentials from e.g. strong 
infrared dynamics on the gauge theory on D7-branes, is the possible presence of too 
much massless charged matter in the latter. Our results for soft terms involving D7- 
brane matter fields show that the presence of ISD fluxes generally give masses to all 
the D7-brane geometric moduli. This indicates that generically D7-brane vector-hke 
matter is massive, thus allowing such non-perturbative superpotentials to appear ^. 
This is also in agreement with recent results derived from the F-theory perspective in 
[21], and from generalized calibrations [22]. 

Our results are based on an expansion of the relevant D7- and D3-brane Dirac-Born- 
Infeld plus Chern-Simons (DBI+CS) actions in the presence of fairly general type IIB 
closed string backgrounds. Since D-branes are mainly sensitive to the local geometry 
around them, our results are derived in an expansion around the location of D7- and 
D3-branes. Since D7-brancs wrap a 4-cycle S4 in the internal space, we center on the 
simple situation of D7-branes wrapping or in a local Calabi-Yau S4 x C. The 
effect of fluxes on the fields living at D3-D7 (or D3 — D7) intersections is more involved, 
but we explicitly derive it in full generality using (super)symmetry arguments. Finally, 
all results are compared, showing full agreement, with an analysis based on the use of 
the 4d effective action [23] . 

The paper is organized as follows. After reviewing the results of [18] in section 
2, we compute the soft terms for the fields on the worldvolume of D7's in section 3, 
checking also that our ansatz for the closed string backgrounds solves the equations 
of motion. In sections 4 (resp. 6) we make use of the local geometric symmetries of 
D3-D7 (resp. D3 — D7) configurations to carry out the computation of the soft terms 
for fields hving at the D3-D7{ D3-D7) intersections. Examples of soft terms obtained 
for different classes of ISD and lASD fluxes are described in section 5. 

Some of the results obtained both for D7 — D3-brane systems may be understood 

from the effective low energy N — 1 supergravity action [23, 24, 25]. In particular, 

we show in section 7 that fluxes correspond to non-vanishing expectation values for 

^An important exception is D7-branes containing charged chiral fermions. This suggests that the 
D7-branes responsible for Kahler moduli stabilization should not correspond to the D7-branes on 
which we plan to embed the SM, but to some non-chiral D7-brane sector. 
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the auxiliary fields of the dilaton and Kahler moduli. We show that the soft terms 
obtained in section 3 for ISD (0, 3) fluxes may be understood as arising from a non- 
vanishing auxiliary field Ft ^ for the overall Kahler modulus T. This is in agreement 
with previous results in [18, 19]. A noteworthy property is that the bosonic soft terms 
induced by ISD fluxes naturally combine with the SUSY scalar potential into a pos- 
itive deflnite scalar potential. This fact, which appears already in section 3 from the 
DBI-I-CS action in the presence of fluxes, has a simple interpretation also from the 
effective = 1 supergravity low-energy action, as explained in section 7. We also 
show in that section that analogous soft terms are expected for the flelds lying at the 
intersections of D7-hranes wrapping different 4-cycles. 

In section 8 we argue that many of the results obtained for D7-branes wrapping 4- 
tori are still valid when D7-branes wrap curved 4-cycles, in particular K3, and describe 
the explicit soft terms in this case. We also argue that similar patterns of soft terms 
are also obtained in more involved situations, where the normal bundle to the 4-cycle 
is non-trivial. For instance, in cases with multiple D7-brane geometric moduli, all of 
the latter are flxed in the presence of ISD backgrounds, in agreement with results in 
section 7. 

Some particular examples and applications arc described in section 9. In particular 
we present several examples of local D7/D3-brane configurations, with a scmircalistic 
chiral gauge sector arising in the worldvolume of the D7-branes. The presence of ISD 
fiuxes gives rise to phenomenologically interesting soft terms. Embedding this class of 
local configurations into a full F-theory compactification would give rise to scmircalistic 
models in which calculable SUSY-breaking soft terms are induced. We also briefiy 
discuss in section 9 the relevance of our results for the program in [11], as discussed 
above. We end up with some comments in section 10. Details of the computations are 
provided in an appendix. 



2 Three-form fiuxes and D3-branes 

Let us first briefiy review some of the main results in ref. [18] (see [17, 19] for related 
discussions). We consider D3-branes embedded in general Type IIB closed string back- 
grounds of the general form 

ds'' = Ziix'^y'/^ri^^dx^dx" + Z2{x"'Y/^ds''cY 
T = r(a;™) 
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= Xix'^)dx°dx^dx^dx^ (2.1) 
-^5 = dx4 + *iodx4. 

where = F3 - TH3 (with ^3(7/3) being the RR(NSNS) flux), and ds'^cY denotes the 
metric in transverse space, in the absence of flux backreaction, i.e. the Ricci-flat metric 
of the underlying Calabi-Yau. Eventually we will request these backgrounds to solve 
the Type IIB supergravity equations of motion. Since D3-branes are located at a point 
in the six dimensions parametrized by x'^, it is natural to expand these backgrounds 
around the position x"^ of the D3-branes 

Zi ^ — 1 + -K^n X^X^ + . . . 

X4 = {const. + ^Xmn x"^ x"" + ...)dx^dx^dx'^dx^ (2.2) 

GlmrXx ) Gimn 

where the coefficients K, F, G, r in the right hand side are constant, independent of 
x^. The piece of the 5- form background relevant for our purposes below is 

= \{Xmn + Xnm)x'^dx''dx''dx^dx'dx^ + ... (2.3) 

In the absence of fluxes, the massless fields on a stack of n D3-branes are given by 
U{n) gauge bosons, six real adjoint scalars, and four Majorana adjoint fermions, the 
latter transforming in the representations 6 and 4 of the 5*0(6) local symmetry. In = 
1 supersymmctry language, they fill out a vector multiplet and three chiral multiplets. 
The effect of the above backgrounds on the effective action of the worldvolume fields 
can be obtained by plugging the above expansions in the DBI and CS action for the 
D3-branes. 

Calabi-Yau manifolds are endowed with a complex structure, hence it is useful to 
rewrite the world-volume fields and the 3-form background in complex coordinates. 
Let us introduce local complex coordinates — -^{x'^ + ix^), ^"^ — '^{x^ ^^^)) 
= -^{x^+ix^). We define the complex scalars = ;^(0^-Fi0^), = 
= + to denote ($*)*. Denoting the four-plet of fermions by 

their SO (6) weights, the fermion |(-|- -|- -|-) belongs to the N — 1 vector multiplet, 
and is referred to as the gaugino, denoted A. The fermions combining with the above 
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complex scalars to give N = 1 chiral supermultiplets are corresponding to 

the weights |(H ), |( — I — ) and ^{ h), respectively. 

In a preferred complex structure, only an SU{3) (times U{1)) subgroup of the 
5*0 (6) symmetry is manifest, hence it is useful to decompose the 3-form flux background 
under it. The antisymmetric flux Gmnp transforms as a 20-dimensional reducible SO{6) 
representation, decomposing as 20 = 10 + 10. The irreducible representations 10, 10 
correspond to the imaginary self-dual (ISD) and imaginary anti self-dual (lASD) 
parts, respectively, deflned as 



= ^(<^(3) T« *6G'(3)) ; hG 



± 

(3) 



(2.4) 



It is useful to classify the components of the ISD and lASD parts of G3 according to 
their behaviour under SU{3), 10 = 6-1-3-1-1. For that purpose, we introduce the 
tensors [26] 

1 



-'ij 



'■V 



{^ikiGjki + ejkiGiki) 



defined in terms of the complex components of G3, and which transform in the represen- 
tation 6 and 3 under SU{3). One simflarly defines Sj^ and Aij. The SU{3) properties 
of each component is displayed in table 1. 





ISD 






lASD 




^^7(3) rep. 


Form 


Tensor 


SU(3) rep. 


Form 


Tensor 


1 


(0.3) 


^123 


1 


(3.0) 


^123 


6 


(2.1).> 




6 


(1.2)i> 




3 


(l,2)ivp 




3 


(2, 1)np 


A-i] 



Table 1: SU{3) decomposition of antisymmetric G(3) fiuxes. 



In [18] the soft term Lagrangian for the world volume fields of D3-branes was com- 
puted to be 



Tr 



- ( 2K,j - Xii + ^.(Imr)y ) $^$J - i ( 2Kij - Xij + ^s(ImT)i,- ) + h.c. 



+gs^ [|G'i23e,,fc W$'= + ie^,T('5/fe-(^rfc)*)$^$''^' + h.c 



3 

1/2 r 



+ 



where we have defined 

(ImT),j = 



G123 AA + *U + \Sij ^'^J' + h.c. 



1 

2i' 



1 

2i' 



(2.5) 



(2.6) 



In the notation of the first appendix in [18] one thus has soft terms for the D3-brane 
worldvolume fields 



m: 



13 



^ijk 



2Kij - Xij + gs{i^r)ij 

-h^J'^ik^ Gi23 



ik9s 

V2 



1/2 



1/2 



9s 
V2 



Gl23 
1/2 



9s q 
'2V2 



1/2 



9s 



(2.7) 



The supergravity equations of motion impose some constraints on the background, 
namely [18] 



-2Exir 



9s , 1^ ,2 



1231 — 1^^123^ + ^ XKl'^*.?!^ ~ I'S'i^r ~ lAjT + lAjD 



- ^^123^123 + -SikSi,^ + -AikAii^ 



They allow to relate the scalar masses to the flux background, as follows 



2 I 2 I 2 S' s 
+ m2 + mg = — 



1^123^ + T Ed*^*.?!^ + 



— Re ( G'i23G'i23 + 7 'S'ife-S'^ + - AikAij;.) 



(2.9) 
(2.10) 



(2.11) 



4 - ■ 4 

As emphasized in [18], the scalar mass matrix is not fully determined in terms of the 
fluxes, only its trace is. 

Our purpose in the present paper is to carry out a similar analysis for the effect of 
fluxes on configurations including D7-branes. 



7 



3 D7-branes and RR, NSNS 3-form fluxes 



3.1 D7-branes and the 3-form flux background 

There are a number of differences between the case of D7 and that of D3-branes re- 
viewed in the previous section. First of all the D7-branes in general wrap a 4-cycle 
E4 on the internal space. Thus an expansion of the closed string background on all 
6 transverse coordinates x"^ as we did in the D3-brane case is no longer the correct 
procedure. Rather, we need to describe the local geometry around the 4-cycle wrapped 
by the D7-brane, namely a tubular neighbourhood around the 4-cycle, given by the 
normal bundle of the 4-cycle, i.e. the wrapped 4-cycle, on which we fiber the normal 
direction. Then wc may expand the background in a power series in its dependence on 
the normal coordinate (while in principle keeping its full dependence on S4). For most 
purposes, we will center on cases where the fibration is trivial, and the local geometry 
is E4 X C. ^ We will comment later on possible generalizations of this background. 

The strategy then is to obtain the 8d action for the D7-brane, taking the effect of 
fluxes into account. An important ingredient is that the symmetry of the problem is 
reduced as compared with the D3-brane case. In fact, the supergravity background 
need only respect 4d Lorentz invariance. On the other hand, the local geometric 
symmetry in the internal space is only 5*0(4) x S0{2), where the first factor is the 
local euclidean rotation group on E4, and the second in the normal direction. Hence 
the local 8d flux-induced terms must respect that symmetry (taking into account its 
action on the world- volume flelds as well). 

A second step involves the Kaluza-Klein compactiflcation of this 8d action on E4 
to 4d. In this process, the geometry of E4 plays a crucial role even in the absence 
of fluxes, and determines the number and kind of the massless flelds on the D7-brane 
gauge sector in 4d. Our purpose is to determine the effect of the 8d flux induced terms 
on these massless flelds, hence to compute it we will need to center on concrete cases. 
Our analysis will mainly center on the case of (which can be subsequently employed 
to study orbifolds thereof), and K3, with trivial worldvolume gauge bundles. 

We are thus interested in determining flrst the 8d action, including the effects of 

fluxes, and second in discussing the compactiflcation to 4d. We will concentrate on 

the most relevant terms, namely up to dimension three, hence scalar masses, scalar 

"^This restricts us to backgrounds x C or K3xC, which is a restricted set, but sufSciently rich 
to have non-trivial effects. Moreover, the qualitative features can be extrapolated to more involved 
situations, see section 8. 
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trilinears and fermion masses. 

Still this is a rather involved problem in the general case, and we will have to 
make some restricting assumptions on the geometry. In particular, we assume certain 
restricted classes of closed string backgrounds. The bottomhne is that we consider the 
flux to have the structure in eq. (3.6), and to be pure ISD or pure lASD; we will also 
center in situations where the background is constant over E4. 

To specify our assumptions and also for practical purposes it is now useful to write 
the 3-form fluxes Gmnp in terms of the local geometric symmetry S0{4) x 5*0(2). 
Thus now the decomposition of the ISD (lASD) pieces of G3 in representations of the 
SU{2) X SU{2y X U{1) symmetry are as follows 

10 = (3,l)_ + (l,3')+ + (2,2')o , TO = (3,l)+ + (l,3')- + (2,2')o (3.1) 

where the subindex gives the ±1 U{1) charge. Choosing our 4-cycle to be parametrized 
by z^, z^, and localized in the transverse direction z^, the triplets of SU{2), 317(2)' are 
related with the fluxes in SU (3) notation by 

(1,30+ = {^0 
(3,1)- = {^0 

(1,30- = {G'o 
(3,1)+ = {Go 

Regarding the triplets of SU{2) groups as vectors of SO (3), for future convenience we 
define the SU (2) invariant scalar product 

A-B = AoBo + A^B^ + AyBy (3.3) 

On the other hand the G^np components transforming like (2, 2)o correspond to the 
SU(3) components Si^, Ai^, Sj^, Aj^, i — 1,2. These fluxes are special in several respects. 
In particular, if E4 contains 3-cycles C3 , this multiplet contains fluxes such that 

/ Fg^O ; [ Hs^O (3.4) 

This is the case for instance for T^, on which much of our analysis centers. This is 
problematic because non-zero integrals of on a D-brane cycle generate a world- 
volume tadpole for the dual world- volume gauge potential Jdt H3 A A5, rendering the 

9 



1 11 z 1 

--^^12 , Sx = "^'-2'^^^ ~ ' ^ ~'^^2^^^ ^123)} 

i 1 1 



1 



1 ,1 



— , G'^ — ~'^^2^^^ ~ G123) , G'y — ""^(2*^33 + G123)} 

= ' ^ ""^2*^2'^^^ ~ 2'^^^'' ' ^ "2^2*^^^ 2*^^2)13.2) 



configuration inconsistent [27] ^. Moreover, in general, such fluxes along world-volume 
directions are quantized, and cannot be diluted away keeping the D7-brane physics 
four-dimensional. Hence their presence can lead to qualitatively large changes in the 
4d physics, which may not be well described with our techniques (which are implicitly 
perturbative in the flux density). 

For these reasons, we restrict our analysis to situations where fluxes in the (2, 2')o 
multiplet are absent. Still, the remaining fluxes transforming like (3, 1) + (1, 3') include 
the most interesting cases, and lead to interesting and non-trivial effects. 

For the computation of soft terms up to the order of interest, it is enough to 
consider the leading term in the expansion of in the normal direction, namely 
the 2;3-indcpcndcnt term. Assuming in addition that the background 3-form flux is 
independent of the coordinates on the 4-cycle, as mentioned above, one may obtain the 
NSNS and RR 2-form potentials, in a particular gauge ^ 



-^n 7P -L Q* - A-7P 

R__ _ _9iry yP A_ Q* yP — __A yP a_ 

■'-'mn — Q^^mnp^ ~ -|^2^ 9P -j^2^ "^^^ 

-\-^n* — 9^ c yP I A* p 

R - — — R- — -^f: Q—yP-L^f-c- — Q* yP ^ .i^p. — A yP — A* yP — 
J->mn — J->nm — -^^^^mpqi^ qw^ \ y^j^npqi^ qm'^ ^^^^S-npq^qm'^ ^^^^rripq^qn'^ 

— -i^f:- — Q ~P 3^ r Q* ~P I r A ~P I r ,4* yP 

22^ 12i ^^"^ 22^ ^"^ '^'^ -^21 P'^ 

The RR 2-forms may be obtained analogously, but we will not need its exphcit expres- 
sion. 

Out of the above components, only those linear in z^, will actually be relevant 
in the computation of soft terms, see appendix A. This suggests that the computation 
of the 2-form gauge potential can be recast in a more compact way ^, as follows. The 
(1, 3') + (3, 1) fluxes have always two legs in E4. This allows us to associate to each of 
the above SO (A) x 5*0(2) representations a different 2-form in E4. In fact, it is possible 

'''This can be solved as for the baryonic brane in [28], by introducing additional branes ending on 

the D7-branes [29], but this completely changes the kind of configurations here considered. 

^We have chosen a gauge on which all the coordinates are on equal footing. This is somehow a 

natural choice for a closed string background, which is independent of the D-brane configuration under 

consideration. 

^An additional advantage is that, as we argue in section 8, this derivation is valid even in situations 
with 3-form backgrounds non-constant over the 4-cycle. 
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to decompose G3 as 

G^ = (5 ^dz^ + (5' ^dz^ + ^ dz^ + 7' A dz^ (3.6) 
where (3, (5' and 7, 7' are selfdual and anti self dual two-forms in E4, namely 

*4/? = ; *47 = -7 (3-7) 

(and similarly for the primed forms), corresponding respectively to the (1, 3')+, (1, 3')_, 
(3, 1)+ and (3, 1)_ pieces of G^. 

For clarity we summarize in table 3.1 the main properties of these induced 2-forms. 
The above scalar product between SU(2) triplets will induce a positive definite product 



Form 


SD/ASD in S4 


Corresponding G3 rep. 


ISD/IASD flux 


/9 


SD 


(1,3)+ 


lASD 




SD 


(1,3)- 


ISD 


7 


ASD 


(3,1)+ 


ISD 


y 


ASD 


(3,1)- 


lASD 



Table 2: Properties of the 2-forms induced by the flux in E4. 



in E4 given by 

COi- U!2 = U!l A *T,4i^2 (3.8) 

With all of this, the part of the B-field laying completely in E4 is given by 

B2k, = -| ((/? - + iP' - P' Iz' + (7 - 7*)^' + (7' - 7' Iz') (3.9) 

with {P*)mn = iP'rnn)*, etC. 

In particular, it is important to notice the explicit dependence of these compo- 
nents of the B-field on the transverse coordinates. As mentioned, these are the only 

components relevant in the computation of soft terms (see appendix A). 

We will further assume that the flux background is purely imaginary self-dual (ISD) 
or purely imaginary anti-selfdual (lASD). This assumption is not compulsory, but sim- 
plifies enormously the computations, since in this situation the equations of motion 
imply that the dilaton is constant. It is important to mention that consequently, 
although our expressions below include both ISD and lASD components, it is under- 
stood that they are valid just when only ISD or only lASD components are turned 
on. Namely, the expressions below do not contain possible interference terms that may 
arise when both are present. 
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Concerning the rest of the closed string backgrounds, we will consider a general 
form analogous to that considered above for D3-branes 

X4 = x{x)d'X^dx^dx^dx^ ; — dx^ + *iodx4: (3.10) 
Expanding on z^, the warp factor and 5-form flux, we have 

Z^'/'{x) = l + ^X^„(x«)x-x" + ... 
Z',/\x) = 1 + Ik'^^{x'^)xV + ... 

X4{X) = ^Xmnix"") + . . . (3.11) 

with m,n — 8, 9. At this level, K, K' and x '^^Y depend on the longitudinal components 
z^'^, z^'^. The conditions these backgrounds must satisfy in order to solve Type IIB 
supergravity equations of motion are discussed in section 3.4. 

As a last comment, notice that the metric ansatz does not contain any component 
mixing the z^ coordinate with the zi, Z2. Hence we take the local geometry to factorize 
as E4 X C, namely we work on local geometries where the normal bundle is trivial. 
This restricts us to x C and K3xC, although clearly the general technique may be 
applied to non-trivial normal bundles. 

3.2 The L> = 8 action 

Our starting point will be the D — % DBI and CS actions for the D7-brane. Myers' 
action in the Einstein's frame for a D7-brane is given by ^ 



-//7 / d% STr [ e-<> ^- det(P[E^, + E^i{Q-^ - df^E^,] + aF^,) dei{Qij] 
+ li^Qs !STr{P [aC^F2 + Cg - C^B^]) 

where i, j run over the six directions transverse to 4d Minkowski space, P[M] denotes 
the puUback of the lOd background onto the D7-brane worldvolume, and 

Emn = gl^'^GuN — Bmn (3-12) 
Q'^n = 5"\ + ia[ci>'^,ci^]Epr. 
a — 2T:a' 



''In the CS action we only keep pieces giving possible contributions to the soft terms. 
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We will label by a,b = 1, 1, 2, 2 and m,n = 3,3 the longitudinal and transverse indices 
to the D7-brane worldvolume. Within the class of backgrounds considered, we have 
5'am = 0, thus 

P[E^, + E,,{Q-' - S^Ej,] = P[g,.gl'^ - B,,6;6', + S^BUQ'' - Sr^'B^.St] (3.13) 
where Q is given by 

Q' J = + ia[^\ ^'KGkjgy' - B^j) (3.14) 

Expanding the above determinants we arrive to the 8d action in terms of the NS and 
RR background. The details of the computation can be found in the appendix A. The 
contributions to the soft terms are given by 

Ssoft = l^iQsSTr j [(^^^($^ $^)^2($^ ^^)dvohd A dz^ A dz^ A dz^ A dz^- (3.15) 

-^(-B2|S4 - 0--^2) A *4(S2|s4 - (TF2)dvoUd+ 

+{Cs - Ce A ^2 + crCe A F2)\m^xj:,] + ■■■ 

with S2IS4 given in eq. (3.9). Here the dots refer to derivative couplings and other 
8-dimensional contributions which are not explicitly needed in our computations below. 

Writing now Cg and Cq in terms of the two forms induced in E4 by the flux, and 
plugging them, together with (3.9), into the above expression we obtain the eight 
dimensional soft lagrangian. We refer again to the appendix A for details. The final 
result for the D — S bosonic action in terms of SU (3) flux components, including the 
kinetic and quartic terms is ^ 



9^ 
18 



1 



''1231 



C__|2 
>J3 



1 



^331 



+ E T'sjk [ (Sk,r + (Akp)*] ^'A^A^^ + h.c. + 

j,k,p=l,2 



$3^3 _ 



3 



- ^eijsS-s^A'A^^-' + h.c- 



(3.16) 



5,[^^^(^][^^U1+5,.^"5M^'-^^.([*^*'])'-^^4^^$'][*^^1 ] + - 



^Notice that the derivative terms mentioned below are required to make the expression local Lorentz 
invariant in 8d. However, the listed terms are the only ones explicitly need for our discussion below. 
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where A"- are the components of the 8- dimensional gauge boson along the directions 
longitudinal to the D7-branc and are (adjoint) scalar fields describing the transverse 
degrees of freedom of the D7-brane. To avoid long expressions we have not included here 
either the YM action oi D — A gauge bosons or couplings depending on derivatives 
of the dimensions longitudinal to the D7-brane. Those terms are understood to be 
included in the dots, but, as we commented before, they will not be relevant for our 
discussion below. 

The explicit dependence on the antisymmetric backgrounds (in SU{3) notation) 
and the warp factor is shown. Concerning the latter, notice that for pure ISD or pure 
lASD fluxes, the equations of motion require the warp factor to correspond to a black 
3-brane solution, with Zi — Z2, and the warp factor dependence drops from the above 
expression ^. We will consider this situation in what follows. 

Some of the terms in (3.17) correspond to the Yang-Mills action for the D — 8 
gauge boson and the kinetic terms for the scalars In addition there are terms 
which depend on the 3-form fluxes. In particular note that the transverse scalars 
get mass terms for some non- vanishing fluxes. This is an important point since it means 
that, irrespective of the compactification space, in general 3-form fluxes stabilize the 
positions of the D7-brancs. This was already discussed in section 5 in [18]. Note also 
that in addition there arc SUSY-breaking scalar- (vector)^ couplings proportional to 
some of the fluxes. Upon further compactiflcation to D = 4 these terms will give rise 
to trilincar scalar couplings, as described below. 

It may be useful for later purposes to display this result in terms of the SU (2) x 
SU{2)' X U{1) flux components 

1 



>C = STr 



— + d^^^d^^^- (3.17) 



— [ ^* • ^* + {G'Y ■ {G')*\ $^$3 ^ ^ _ 9^ (^g .g* + G' ■ {G')*) - 
36 18 



[A^ A^){g*-a)(^'^^'^+{A^ A'){G'*-a)(^'^^j+h.c. 
- gs [A\ A%J^\A^] + d.A'^d.A^ - \gs{[^\ ^^]f - \9s[A\ $^][$^ A^] 
where & is the vector of Pauli matrices given by 

^=N= I : ; 1 ,^x. = I ° ^ 1 ,a, = I : ; )} (3.18) 





^This is similar to the cancellation of force in systems of a D7-brane in the background of D3- or 
anti-D3-branes, whose supergravity solution is also of the black 3-brane form. 
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Note the important fact that the effective action depends on the backgrounds of 
type Q and G' , but not on the backgrounds of type Q' and G. In terms of the local 
R-symmetries SU{2) x SU{2)' x U{1) this means that only backgrounds with negative 
C/(l) charge (i.e. (3, 1)_ + (1, 3)_) appear in the effective action. In other words, only 
fluxes with a particular correlation between their self-duality properties in the threefold 
and their duality properties on the 4-cycle give rise to soft terms, while fluxes with the 
opposite correlation lead to cancellation between the DBI and the CS contributions. 

This suggests the following physical interpretation. Consider for instance fluxes 
in the (1,3')_ representation. These are ISD in the threefold, and hence are similar 
to a D3-brane distribution (rather than a D3-brane one). On the other hand, they 
correspond to a selfdual NSNS 2-form on the D7-brane volume, which induces a D3- 
brane charge on the latter . The non-cancellation of the interaction between the 
induced D3-brane on the D7-brane with the effective D3-brane distribution in the bulk 
leads to non-trivial soft terms. A similar argument may be applied for fluxes in the 
(3, 1)_, which are lASD in the threefold, and anti-selfdual on the 4-cycle. Finally 
for fluxes in the (3,1)+ or (1,3')+ the induced charges in the threefold and the D7- 
brane volume are of the same kind, leading to cancellations between DBI and CS 
contributions. 

One should in principle also compute the 8d action for the world-volume fermion 
fields. However, it will be simpler to do it directly in terms of the 4d action, exploiting 
the symmetries of the system, as we do below. 

3.3 The D = 4 action and soft terms 
3.3.1 Generalities 

Up to now our discussion has been quite general, and independent of the 4-cycle 
wrapped by the D7-brane (although as discussed, certain 8d derivative terms may 
be necessary to properly describe some situations). To proceed with a general E4 we 
would have to make a Kaluza-Klein reduction and compute the massless spectrum, 
which is very model dependent. 

In this process, even in the absence of fluxes, the non-trivial geometry determines 
the number of massless 4d scalars as the number of zero modes of 8d scalars and 
internal components of the gauge fields. A prototypical example is that the number 
of Wilson line moduli is given by the number of harmonic 1-forms on E4 This is 

^^Notice that our convention at this point differs from the usual one. 

^^If the D7-branes carry a non-trivial gauge bundle on S4, the counting of bundle moduli is more 
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very often vanishing, but is four for T'^. In addition, the 8d complex scalar fields has a 
number of zero modes given by the the number of independent sections of the normal 
bundle (counted by h^'^i^i))- This may be zero in particular cases of rigid 4-cycles 
(like D7-branes on the exceptional P2 in the blow-up of the Z3 orbifold singularity 
0-s(P2), or on complex delPezzo surfaces). In other situations there may be multiple 
massless scalars, associated to different zero modes of the 8d scalar. One example is 
to consider a compactification K3xT^, and the D7-branes wrapped on E4 = Cg x T^, 
with Cg a holomorphic genus g Riemann surface in K3. The number of 4d scalars is 
given by the dimension of the moduli space of holomorphic genus g Riemann surfaces 
in K3, given by g. 

In cases where the normal bundle is trivial, hke x C or KSxC, there is one 
massless complex scalar $3. It corresponds to a zero mode of the 8d massless scalars, 
with constant profile on E4. This will be important for our discussion below. 

Any mode which is made massive by the compactification has a typical mass scale 
of 1/R. This is, in the large volume regime of validity of the description, much larger 
than the typical flux-induced mass scales, of order a' /B?. Hence we are interested 
in describing the effect of fluxes on the light modes of the conflguration, which are 
the relevant degrees of freedom from the 4d perspective. There are two sources for 
these effects. First, the presence of the fluxes introduces new 8d derivative couplings 
of the 8d flelds; these would enter into the kinetic energy operator of the internal 
space for these flelds, and could induce e.g. non-trivial masses for their former zero 
modes. Second, there are 8d non-derivative terms, like 8d mass terms for the 8d $^ 
scalar, which certainly modify the effective action of the corresponding 4d zero modes, 
leading to non-trivial soft terms. Full determination of these effects however requires 
a precise knowledge of the internal profile of these zero modes, and hence a particular 
choice of 4-cycle. 

In this section we center on D7-branes on T^. A similar discussion for D7-branes 
on K3 is carried out in section 8.1. 

3.3.2 The case: bosonic sector 

In this section we center on the particularly simple case of D7-branes wrapped on on 
x C, where we moreover assume the background to be independent of the 4-cycle 
coordinates (another interesting and tractable case, namely S4 =K3 is described in 
section 8.1). This may be also trivially generalized to the orbifold (T^ x C)/Zjv case, 

involved. However, we will not consider this situation. 
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which can lead to chiral fermions and semireahstic models, see section 9. 

In the toroidal case the 4d massless modes have constant profile in the internal 4- 
cycle. The final spectrum in the absence of fluxes corresponds to an A?" = 4 theory. The 
D — S gauge bosons A"' give rise to two more complex adjoint scalars associated 
to Wilson line degrees of freedom. 

Integrating eq.(3.17) over the four toroidal dimensions it is easy to obtain the D — A 
bosonic action 

C = Tr { ^^^'"a^*™- (3.19) 

- I (j[(^12r]^ + ^Pl2)1^-^(Gl,3)*(^33)*-^(^22)*(5n)*) + h.C. 

k,p=l,2 " 

- ^^^6,,3%$^$^-$^ + h.C. - ^^^Gl5367J,$V$^ + h.C. - 

Here one defines Qym — 9's(27r)^(Q;')^V~^, where V is the volume of the 4-torus 
3.3.3 The case: fermionic sector 

In the same way we one may in principle obtain the soft terms for the fermionic fields 
starting with the supersymmetrized DBI+CS actions in 8d. However the computation 
can be simplified carrying it out in 4d, and exploiting the symmetries of the system. 

The four-dimensional fermionic action in the case can be obtained from the 
dimensional reduction of the supersymmetrized lOd action [30], up to quadratic order 
in the fermions, since we are interested in the fermion masses. Encoding the 4d fermions 
in a lOd Majorana-Weyl spinor formed by the massless Ramond open string states, 
the 5*0(3, 1) X 50(4) x 50(2) invariant bilinears involving the 3- form fiux are 

CQr'^^Pe[2ab{Re G5)mnp - {a^ - b^){Im G^Unp] + (3.20) 

+ 0'er(7)r'""fe[(a2 - b^){Re G^)mnp - 2ab{Im Gs)mnp] 

where C and C are two constants, and 

r(7) = ^eijMmnpgrr^r'^r'r^'r^rpr'^ (3.21) 
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with i. ..p running from to 7. Also, a and b fix the embedding of the D7-brane 
supersymmetry in the lOd M = 2 IIB supersymmetry by means of 9i ~ aaQ, 62 — baQ, 
where 9i, 82, are the two Major ana- Weyl spacetime spinors olH — 2 supergravity and 
-\-h'^ — 1. We work in the choice (a, 6) = (1,0). 

The first term in (3.20) arises from contributions from the DBI piece of the eight 
dimensional supersymmetric action, whereas the second piece comes from CS contri- 
butions. 

The fermionic masses in the four-dimensional action therefore are given in terms of 
the four adjoint fermions A, ^f', i — 1, 2, 3, by 



ij=l,2 

+6x/2z(C"-C)[Gi23AA+^533^3^' + ^i2^'A + ^ ^ (5^j)* W] + /i.e. (3.22) 

As a last step, the coefficients C and C can be determined easily by supersymmetry 
arguments. An 5*33 background is ISD and primitive, and thus preserves unbroken 
= 1 supersymmetry. From (3.19) its scalar superpartner $^ gets a mass term from 
such a background (which is one component in (1,3')_), hence the fermion should 
get an equal mass, which fixes C + C — —ig^^ /72. One may show from an analogous 
argument applied to S12, etc. that the second term in (3.22) is absent and hence 
C — C So finally, the four-dimensional fermionic masses are given by 

^ |^2-^[(<^123)*AA + ^(533)**3^3 ^ (^^^)*^3^ ^ 1 ^ ^. ^ ^ ^ (3 23) 

6V2 2 2 .^.^^ 2 

Again, note that only the fluxes transforming like (3, 1)_ + (1, 3')_ appear, with SU (2) x 
SU{2)' X U{1) R-symmetry relating independently A with \E'^, and with ^>^. In fact, 
the above fermion soft masses may be recast in 5*0(4) x S0{2) terms as follows 

= ^Tr[ ( A , *3 ) ^^^^G'* • ^) ( ^3 ) + ( ) ^'^y{G* " ^) ( ^2 ) ] + (3-24) 

3.3.4 Summciry 

Let us summarize the soft terms on the D7 worldvolume fields. In the notation defined 
in appendix I in ref [18], one gets 

iTT'ii = = ; Bij = , ij 3 

9s ,2 , 1,,. ,2 , 1 



- f^(iGi23r+4i^33r+4 i:^(i^.,r+i^..f) 
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gl/2 





(3.25) 



with 



'YM,77 



(3.26) 



the Yukawa couphng. Again, recall that the above results provide the soft terms 
induced from pure ISD or pure lASD fluxes, since they do not take into account possible 
interference terms. 

It is interesting at this point to compare the results obtained for soft terms in the 

case of D7-branes to those on D3-branes. Note the following points: 

• Whereas only lASD fluxes ^123, Sij, Ajj contribute in the case of D3-branes, 
both ISD and lASD fluxes appear in the effective action for D7-branes. In particular 
note that the ISD flux G123 does appear in the case of D7-branes. This is a very 
important difference. Indeed, it is known that this kind of ISD background solves the 
Type IIB supergravity equations of motion in global compactiflcations. Thus, as we 
will emphasize in more detail later (see section 9), one can build orientifold models with 
D7-branes which are solutions of the classical equations of motion with zero vacuum 
energy but still contain explicit SUSY violating soft terms. This is not possible with 
only D3-branes. 

• Only some of the components of the flux contribute to the soft terms, while for 
other components cancellation between the DBI and CS pieces of the action occur. This 
is consistent with the physical interpretation of soft terms as arising from interaction 
of lower-dimensional D-brane charges induced on the D7-branes with the background 



• Whereas in the case of D3-branes the fluxes do not contribute directly to scalar 
masses (they only do upon application of the equations of motion), in the case of D7- 



flux. 
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branes we see that flux-dependent scalar masses and B-terms directly appear for the 
transverse scalars. 

• Note also that in the D7-brane case (at least for the toroidal case which we are dis- 
cussing now) the scalars (Wilson hne backgrounds) longitudinal to the D7-branes 
remain massless at this level. The underlying reason is as follows. The appearance 
of 8d mass terms for the internal components of the gauge fields is forbidden by 8d 
gauge invariance. Then, in the KK reduction on E4, our assumption of translational 
invariance makes it impossible to obtain non-zero masses in the compactification. This 
is different for other 4-cycles, for instance K3, where no massless moduli associated to 
the D7-branes are present (even in the absence of fluxes). Moreover, we would hke to 
emphasize that these Wilson line moduli may be absent in orbifold compactifications, 
due to the orbifold projection. 

3.4 Solving the equations of motion 

In the above results we have not yet fully imposed that the backgrounds solve the 
Type IIB supergravity equations of motion (although some relations, namely — Z-i 
and the dilaton being constant, have been taken into account). In the present section, 
we impose the remaining conditions, relating the warp factor and 5-form to the flux 
background, and show that those may be solved without affecting these results. 

The relevant equations of motion for the dilaton r, warping Z and 5-form F5 are 
(see e.g. [18]) 

JvV + 0((Vr)2) =XG„„^G'™f (3.27) 



2 



24 ^ mnp^ 

0\7'^7 — 9s_ri__n* 
^\ zj — PQ^^ pgr 

dF^ = ^Ga A G% 



One can write 



-i^GmnpG'^'^'^ — - ^Gl23Gi23 + -^SikSik + -AjfcAifc^ ) (3.28) 

Therefore, the first equation is automatically satisfied since we have considered r = 
const, and our flux background is purely ISD or purely lASD. Thus e.g. switching 
on 6*123 but not 6123 and so on. This justifies a posteriori the type of fluxes that we 
describe in the first subsection of this chapter. 
The other two equations yield 

2V'Z = f (|Gi23p + |Gl23p + I E^j{\S^J\' + \Sjj^ + |A,f + \Aif)) 

69[3Fn223] = f (IG123P - \Gm\' + i EiMj]' - \Srj\' - \Aj\' + \Arj\')) (3.29) 
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These are easily solved within the ansatz that the warp factor A and 5-form are inde- 
pendent of the coordinates along the 4-cycle, and depend only on z^, z^. This leads 
to 



-2x33 = f (|Gi23p - \Gm\' + - l-SijP - + l^ijH) (3.30) 

In this way all equations of motion are solved. Note that this is consistent with the type 
of closed string background (3.10), (3.11) discussed at the beginning of this chapter. 
In particular, in the present simple solution the 3-form fluxes give rise to a warp factor 
and 5-form depending only in the dimensions transverse to the D7-branes. Note on the 
other hand that the warp factor and 5-form do not appear in the expressions for the 
soft terms found above, and hence solving the equations of motion does not give extra 
constraints in the form of the soft term Lagrangian. This is related to the fact that 
D7-branes are not charged under C4, and that the gravitational effect of pure ISD or 
pure lASD fluxes (which have Zi — Z2) on D7-branes cancel. 

These are not the most general class of solutions of the equations of motion, and 
choosing Z and F5 not depending on z^, z^ is rather a simplifying assumption in order 
to facilitate the computation of the soft terms on the D7-brane worldvolume. General 
features beyond this simplified situation are described in section 8. 

Note that in the simpler computation of soft terms on D3-branes in section 2 [18], 
the problem can be solved for arbitrary coordinate dependence for the warp factor 
and 5-form (or even the dilaton). If one however replaces the above more restricted 
background, constant over the four coordinates, the equations of motion determine the 
masses for the scalars (and not only its trace). In particular from eq.(2.7) we obtain 
that the only non- vanishing scalar mass is that of the scalar '^*(33) parametrizing the 
D3-brane position in the third complex dimension 



2 _ 9s 
"^(33) — y 



4 



(3.31) 



The masslessness of simply means that there is no preferred position for the 

D3-brane in this restricted situation of translational invariance along 

3.5 with variable warp factor 

We would like to conclude with some remarks on the results in the slightly more general 
(and more realistic) situation where the background (namely the warp factor and 5- 
form) varies along the 4-cycle on which the D7-branes wrap. This may be the case 
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even for T^, as long as the local background satisfies the corresponding periodicity 
conditions. In fact, one expects this to be the situation in any compact model, since 
different ingredients, away from the D7-branes (like distant 03-planes, D3-branes or 
other 7-branes) in general distort the warp factor at the location of the D7-branes, so 
that it it not constant over T^. 

Clearly, the computation of the 8d action, including the effects of the backgrounds, 
is very similar to the above one, and simply differs in the appearance of new derivative 
couplings, etc. The KK compactification proceeds as above, the only difference arising 
from the fact that the backgrounds cannot be pulled out of the integrals over the 4- 
cycle. This imphes that the resulting 4d soft terms have exactly the same structure as 
the above computed ones, but their coefficients are integrals of the backgrounds over 
T^, suitably convoluted with the internal wavefunction of the 4d zero modes. Since 
for the latter are constant, the coefficients of the soft terms are simply the average 
values of the corresponding background over the internal 4-cycle. Hence, all the above 
expressions remain valid, with the understanding that the constant flux coefficients 
now correspond to their average values over the internal 4-cycle. 

One may think that the introduction of varying backgrounds may lead to qualitative 

changes in the special sector of the Wilson line scalars. Indeed our arguments above 

for their masslcssncss relied on 8d gauge invariance, plus the trivial KK reduction over 

T^. It could be expected that a varying background would introduce new derivative 

couplings for the 8d gauge bosons, leading to non-trivial 4d mass terms for these 

Wilson line degrees of freedom. However this expectation is too naive, and not correct: 

the number of massless 4d scalars from Wilson line degrees of freedom is determined 

topologically, as the first Betti number of the internal 4-cycle, i.e. as the number of zero 

modes of the laplacian for 1-forms. The appearance of additional derivative couplings 

corresponds to a change in this internal laplacian, but which cannot change its number 

of zero modes. This implies that the internal wavefunction of the 4d Wilson fine scalars 

rearranges in such a way that the latter remain massless Hence, this relevant feature 

of tlie toroidal ease is not elianged by considering more general backgrounds. 

^^Note that this imphes that the coefBcient of the scalar trihnear soft terms is not exactly the 
average value of the flux, but rather has a non-trivial convolution with the corrected internal profiles 
for Wilson line scalars. 
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4 Soft terms at Z)3 — Z)7-brane intersections 



We will now consider the combined system of D3-branes and D7-branes, at equal 
position in the common transverse third complex plane, {^l^) = {^77)- The effect of 
fluxes in the new sector of 37 fields is essentially different from the previous cases, and 
notoriously more difficult, since there is no analog of the DBl+CS action that describes 
the coupling of these fields to a general supergravity background. Nevertheless, the 
system has a large enough symmetry to constrain the possible lower-dimension terms, 
so that with additional partial information we are able to fully determine them This 
is our purpose in the present section. 

Since 37 states are localized at points in the internal manifold, one may carry out the 
analysis with a local configuration, without full information of the 4-cycle spanned by 
the D7-branes. Nevertheless, for consistency with our previous discussion we consider 
flux backgrounds of the kind there considered. 

The local conflguration is described by a set of D3-branes, and a set of D7-branes 
spanning the coordinates Zi, Z2, in a (suitably backreacted) flat space, described by 
the ansatz (3.10). The local geometric symmetry is SU{2) x SU{2)' x C/(l), and must 
be respected by the soft terms. In the absence of fluxes, the system preserves 8 super- 
charges, namely N — 2 supersymmetry in 4d. The 37 flelds localized at the D3-brane 
position are four-dimensional, and flU out a hypermultiplet of this supersymmetry. De- 
scribed in terms of A^" = 1 supersymmetry , we have two N — 1 chiral multiplets 
($37, ^37) and ($73, ^73), in conjugate representations of the gauge group. Under the 
SU (2) X SU (2)' X U (1) symmetry, the complex scalars $37 and $73 transform as (1, 2%, 
whereas the fermions transform as (f, f)_j_i. 

The system has SUSY superpotential couplings of the form 

W37 = $77^73^37 - $33^37^73 (4.1) 

corresponding to the fact that separating the D3- and D7-brane locations in the third 
complex plane gives mass to the hypermultiplet at the intersection. 

The possible soft terms involving the flelds at the intersections are very much re- 
stricted by the local geometric symmetries of the system. Since the scalars belong to 
doublets of SU{2)', bihnears for these scalars may only come from 3-form backgrounds 

^^It may be possible to exploit the alternative approach in [31] to achieve these results. 

^^For £)3/D7-brane systems, to be discussed in section 6, the system preserves a different A'' = 
1 supersymmetry. The discussion is similar, but with an exchange of the roles of the two SU{2) 
symmetries. 
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transforming like (1,3')_ or (1,3')+. This means backgrounds of type (Gjgs, •S'gg) 
or else (G123, ^12 ; 'S'as)- In fact, we will describe below which explicit couplings of these 
form are indeed present, using powerful symmetry arguments. However it is interesting 
to motivate their presence from an independent point of view, as follows. 

Although we lack the general action describing the coupling of 37 fields to a gen- 
eral supergravity background, there is some partial knowledge about some of these 
couplings. Namely, the presence of a NSNS 2-form field along the D7-brane modifies 
the boundary conditions of open strings ending on it, and hence induces a change in 
the mass of scalars from 37 strings. Such mass terms can be explicitly obtained by 
computing the open string spectrum in the presence of this background, using standard 
world-sheet techniques. Considering a general B-field background along the D7-brane, 
one may use the SO {4) rotation group to bring it to a block diagonal form, where only 
the components Bii, B22 are turned on. The contribution of this background to masses 
of 37 states is described by the mass term in the 4d action of the system 

^( + ^22 ) (^73 ^3 + ^37^^) + h.c. (4.2) 

Note that there are no terms involving the 37 fermion fields. As mentioned above, this 
describes the leading term coupling the 37 fields to a general NSNS 2-form background, 
and plays the role of the DBI piece of the action for 33 and 77 fields. 

According to the general philosophy, we may now replace in the above general term 
the B-field that corresponds to a specific 3-form fiux background. Namely, at leading 
order in the coordinates, we have 

In particular using (3.6), the combination {Bii + B22) is related to the A12 3-form flux 
component, since 

Bn + B22 = -| {A,2Z^ - M2Z^ + {A,2rz^ - {Mi)*z^) (4.4) 

Replacing this in (4.2), and trading for the D7-brane world- volume scalar in the 
third complex plane, we obtain the trilinear soft term 

|[(/Il2)*-Al2]$?7$73$;3 + h.c (4.5) 

And as discussed above, there are no fermion mass terms. Notice that, as announced, 
the coupling involves a flux component in the (1, 3')_ representation of SU (2) x SU (2)' x 
U{1). Now, although we computed the above term for a particular flux component. 
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we may covariantizc the expression with respect to 5*0(4) to reach the general result 
of soft terms induced by a general NSNS 3-form flux. 

Note however that this analysis is suggestive but not conclusive, since we have no 
information about the coupling of 37 fields to RR fields (say, the analog of the CS 
couplings for 33 and 77 sectors). And these are crucial, since they may (and do, see 
later) lead to cancellations with terms from couphng to NSNS backgrounds. Hence we 
conclude that the above approach is not sufficient to obtain the complete soft terms 
for general NSNS/RR flux backgrounds. 

Fortunately, the complete answer can be instead found by fully exploiting the sym- 
metries of the system, namely supersymmetry of some particular backgrounds, and the 
full SU{2) X SU{2)' X f/(l) geometric symmetry. This can be exploited to obtain the 
full soft term lagrangian for 37 fields for a general fiux background, as follows. 

Consider the D3/D7-brane system in the particular background 3-form fiux 5*33, 
which transforms in the (1,3')_ representation. This is a primitive (2,l)-form fiux, 
hence the combined system preserves 4d = 1 supersymmetry. Indeed, in the 77 
sector we have seen from (3.25) that such a background gives rise to a superpotential 
mass term for the chiral multiplet containing ^y^, 

1 0^2 
= -2/^(7^)*77*?7 = ^(%)**?,$?v (4.6) 

On the other hand the scalar has a superpotential coupling as in (4.1). Thus the 
relevant piece of the scalar potential is 

V = |/i(77)$?7 - ^73^37r> (4.7) 

whose crossed term yields a trilinear coupling 
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1/2 



{S-^^y^,^^%, + h.c. (4.8) 



6v^ 

This should be interpreted as the effect of the 3-form fiux background 6*33 on 37 fields. 
Notice that it has a structure reminiscent of the trilinear couplings determined above, 
but the present expression, determined purely from supersymmetry considerations, 
automatically contains contributions from both the coupling to the NSNS and RR 
backgrounds (and hence accounts for possible cancellations between them). 

Now we may use the full SU{2)x SU{2)' xU{l) symmetry to covariantize the above 
expression, using the fact that S^i is a component of a triplet (1, 3')_ of fluxes, which 
also includes G123 and Ai2- The complete expression for the soft terms induced by a 
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general flux in the (1, 3')_, is 

^[{S-ssT^'rr^A + 2(Gi23)*$?7$73$37 + (4.9) 

+ (Ai2)*$?7$37^37 + (A2)*$?7^73^;3 + h.c] 

Note how indeed the first trihnear scalar coupling advanced in (4.5) reappears here 
from a completely different argumentation, while the second is not present (hence due 
to a cancellation between the NSNS and RR flux contributions, automatically taken 
care of by our analysis). The soft terms written in SO (A) x 6*0(2) notation read 

^(^37 ^7s){G'* ■ a) (^^^'^^ (4.10) 

We may use a similar strategy to compute the soft terms induced from flux back- 
grounds in the (1, 3')+ representation. Let us start now from a pure 633, which is 
primitive (1,2) and hence lASD. This flux does not preserve SUSY, but it was found 
in [18] (see eq.(3.14) in that reference) that such type of background gives rise to a 
supersymmetric mass term for the chiral multiplet containing the D3-brane fields $^3, 
^la, (see also [26]) 

W^f^ = -^/^(33)$L$33 = |^'533$L$33 (4.11) 

On the other hand the scalar has a superpotential coupling as in eq.(4.1). Thus in 
the scalar potential there is a term 

V = |/i33^^3 + ^37^731' (4-12) 

whose crossed term yields a trilinear coupling 

-^S,A<^>m, + h.c. (4.13) 

Again, we may now use the SU (2) x SU (2)' x U{1) symmetry to covariantize the above 
expression, and obtain the general soft terms for 37 fields induced by a general fiux in 
the (1,3')_|_ representation. The complete trilinear scalar couplings reads 

(*37 ^3){Q'-a){ f U^3= (4. 
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qV2 

[633*33*37*73 + 2Gi23*33*37*73 + ^l2*33*73*;3 + ^12*33*37*37 + ^ 



2^2 
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The expressions (4.10) and (4.15) provide the complete set of soft terms induced by a 
general 3-form flux configuration (since fluxes in the (3, 1) cannot couple to 37 scalars, 
as discussed above). Note also that, as a general property, trilinear terms involving 
the D7-brane coordinates are sourced by ISD fluxes, whereas those involving the 
D3-brane coordinates $33 are sourced by lASD fluxes. This is in full agreement with 
the results from the low-energy 4d effective supergravity Lagrangian, in section 7. 

Finally, notice that no scalar or fermion masses are generated. This is somehow 
expected from our previous experience, as follows. Fields in 37 sectors can be regarded 
as moduli of an instanton bundle, parametrizing the possibility of transforming the D3- 
branes into finite-size instantons on the D7-brane world- volume. Hence, their dynamics 
is reminiscent of other bundle moduli, like Wilson lines, and do not get masses, for 
reasons already explained in section 3.3.4. 



5 Examples of fluxes 

Let us now discuss some particular examples of flux choices. 



5.1 ISD fluxes 

5.1.1 (0,3) backgrounds 

Let us consider first the case in which only the G123 background is switched on. This 
is a (0, 3) ISD form which is of particular relevance since it was shown in [6] that such 
a background solves the equations of motion with vanishing cosmological constant 
From the results in [18] reviewed at the beginning of section 2, no soft terms appear 
for the D3-brane worldvolume fields. On the other hand from the results in previous 
sections, fields from both 77 and 37 sectors acquire soft terms, as follows 

= i'^i^sr ; = 1^ (Gm)* ; A^'"" ^''^ = -h^^'^iGmY (5.1) 



"77 



where A^^'' ^^^^ is the coefficient of the trilinear scalar coupling proportional to ^y-r^^y^^-r, 
hijk = 2\/2gY M^ijk is the corresponding Yukawa coupling, and M'^'' are D7-brane gaug- 
ino masses. The rest of the 77 soft terms vanishes. Note the relations 

j^ijk {77) ^ -h'^^M^''^^ ; ml, = |M(^^)|2 (5.2) 



^^Note that the lASD backgrounds considered above do also solve the supergravity equations of 
motion in the local context, but cannot be extended to compact spaces keeping vanishing potential 
energy. 
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In addition there is a trilinear scalar coupling involving the 37 scalars and the D7-brane 
scalar 

^*f7{73){37) = --^^{GmY (5-3) 

Note that these type of soft terms are somewhat analogous to the 'dilaton-dominated' 
type of terms which appear for D3-fields in an lASD (3,0) background [18]. However 
an important difference is that now we have an ISD (0,3) background, which solves the 
equations of motion with vanishing cosmological constant, even in compact models. 

5.1.2 ISD flux 

This is an ISD primitive (2, 1) form and hence we know from general arguments that 
they preserve one unbroken SUSY. Thus they may give rise at most to additional 
superpotential interactions. Prom the analysis in [18], such type of backgrounds give 
no soft terms for 33 fields, which are only sensitive to lASD fluxes. On the other hand, 
for D7-branes, a S^^ Aux gives rise to a superpotential term, see eqs.(3.25) 

= -2/^(77)$?7^f7 = ^(%)*$?,$?, (5.4) 

Note that if both G121 and fluxes are present there is an additional soft bilinear 
B-term (see eq.(3.25)) for the scalars $77 given by 

S33 = {Gi2i}*{Si^* = 2M/X(77) (5.5) 

io 

It is interesting to point out that the full set of bosonic ISD soft terms may be 
combined with the SUSY F-term scalar potential to obtain a perfect square positive 
definite scalar potential as follows 

ViSD = I -M;^^,* - /X(77)$?7 + *77*?7 + *73*37 [' = | -M^.^,* + d^zW [^ (5.6) 

with W the full superpotential. Indeed it is easy to check that all bosonic soft terms 
described above from ISD backgrounds are reproduced in this way. The origin of this 
positive definitive term may be traced back to a piece proportional to — F2[^ in the 
DBI action in eq.(3.16). Indeed, for these backgrounds B2 ^ ^123^"^ + (5*33)*^^. Upon 
replacing — > ^77, and taking into account that upon dimensional reduction F2 gives 
rise to the SUSY F-term (contributing the familiar commutator squared to the scalar 
potential), the above structure is obtained. The appearance of this positive definite 
scalar potential has also a clear interpretation in terms of the no-scale structure of 
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ISD backgrounds in the effective supergravity action, as we show in section 7, see eq. 
(7.14). 

The above expression of the scalar potential for D7-brane matter fields as a positive 
definite quantity is also closely related to the description of the above configurations 
in F-theory. Indeed, a configuration of n D7-branes on a 4-cycle E4 in a threefold S3, 
can be described as F-theory on a 4- fold, elliptically fibered over S3, and with an In+i 
Kodaira degeneration of the eUiptic fiber over the divisor E4. Equivalently, as M-theory 
on the same fourfold, in the limit of shrinking the size of the elliptic fiber (and blowing 
down the exceptional divisors associated to the singularity from the degeneration). 
The D7-brane geometric moduh, i.e. moduh of the 4-cycle E4 correspond to complex 
structure deformations of the F/M-theory fourfold, describing the geometry of the 
degenerate fiber locus. Turning on a general ISD complex 3-form flux G3 on the IIB 
picture corresponds to turning on a general real self-dual 4-form flux G4 in F/M-theory, 
given by 

G4 = — h h.c. (5.7) 

r — r 

where dw — dx + rdy and r is the IIB complex coupling. Hence (2, 1) and (0, 3) G3 
flux components correspond to (2,2) and (0,4) (plus h.c.) G4 flux components. In the 
F/M-theory picture, we have just a 4-form flux in a CY fourfold. This system has been 
studied in [2] and is described by a superpotential [3] 



W = G4 A ^4 (5.8) 

JCYi 

where D,^ = fl^dw is the holomorphic 4-form in the fourfold. This superpotential leads 
to a positive definite potential for the scalars, which in particular include the D7-brane 
geometric moduli. Hence this confirms the above result for the scalar potential for 
D7-brane moduli in ISD 3-form fluxes. The connection has been very explicitly shown 
in [21]. It is very satisfactory to recover the F/M-theory picture from considerations 
of the D7-brane action. 



5.2 lASD backgrounds 
5.2.1 (3, 0) fluxes 

For this kind of backgrounds the effect of the flux on D3- and D7-flclds is reversed. 
Indeed, we saw that a background G'123 does not give rise to any soft terms on the 
D7-brane worldvolume fields. On the other hand they give rise [18] to soft terms for 
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fields in the 33 sector 

,1/2 _ ^ ^1/2 



k = ||Gl23r ; M(33) = ^ G,,3 ; A^.-fc (33) ^ ^ G^^3 (5.9) 



"33 



where M^^s) g^^g ^j^g D3-brane gaugino masses. In addition there is a trihnear couphng 
involving the D3-brane scalar $33 and the 37 scalars 

^1/2 

^*3^(73)(37) = - -^Gi23 (5.10) 

The rest of soft terms vanish. In analogy with the previous case, there are no scalar 
masses for the D3-brane fields $33, $§3 due to our simplifying assumptions on the 
coordinate dependence of the background. Again, this would change for more general 
backgrounds. 

The interesting symmetry of soft terms under the exchange £)3 <-> D7, G123 <-> 
G123 may be understood from the effective D = 4 supergravity effective Lagrangian 
approach, as we describe in section 7. 

5.2.2 ,533 flux 

We saw in previous section that such a background does not contribute to the soft 
term Lagrangian for D7-branc fields. On the other hand, as we mentioned above, this 
kind of flux gives rise to a SUSY superpotential mass term for D3-brane fields 

= = ^s,,^lA (5.11) 

Again this is the only term from such a flux. This is in agreement with the symmetry 
under exchanges D3 Dl and ISD lASD, mentioned above, see section 7. 



6 Fluxes and D3 — D7 brane intersections 

Some interesting Type IIB compactiflcations make also use of antibranes. Thus it 
is interesting to consider replacing I?3-branes by D3's embedded inside D7-branes. 
Now, as emphasized in [18] the effect of fluxes on D3's is obtained from that with 
£)3-branes by replacing ISD <-> lASD fluxes. The effect of the fluxes on the flelds 
at the D?, — D7 intersections may be directly derived from those in D3 — D7 by 
symmetry considerations. Indeed, the system DS — D7 preserves a different N — 2 
supersymmetry compared to that of D3-D7 system. The (^1,^2) fermions on D7- 
branes are now inside a, N — 2 vector multiplet whereas those we labeled as (^3, A) 
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belong to a hypermultiplet. Thus considering the S0{4) = SU{2) x SU{2)' symmetries 
the vector fermions belong to a (2, 1) whereas those in hypermultiplcts belong to a 
(1, 2'). The scalars at the D2, — D7 intersections $37 and form a an SU (2) doublet 
(2,1) rather than a (1,2'). As a consequence only (3, 1)_ and (3,1)+ can couple to 
these scalars. The trihnear couphngs for (37) scalars are obtained from those for (37) 
scalars by replacing the fluxes as follows 

(1,3')_: (Ai2,%,2Gi23) — > (3.1)_: (-^12, ^11, ^22) (6.1) 
(1,3')+: (^12) 'S'33, 2G123) — ^ (3,1)+: (— 'S'12, 'S'li, 'S'22) 

We thus get trilinear couplings to lASD fluxes given by 



[(5n)*$?7^?3^S7 + (^22)*$?7'^'73<537 - (6-2) 



whereas ISD fluxes yield 



- (5i2)**?7*37*i7 - (^12)**?7*73*;3 + h.c] 
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1/2 



2^2 



5n<^'i3'^l7'^73 + '522*i3*37$73 " ^12*13*73**73 " -^12*13*37*57 + ^.C. 

(6.3) 

Note that e.g. in the interesting case of a ISD (0, 3) flux background G123 no soft terms 
appear for fields at the intersections. 



7 Comparison with effective supergravity Lagrangian 
approach 

7.1 The D3/D7-brane system 

Soft terms may also computed in the formalism in [32, 33, 34], from vevs for auxiliary 
fields for 4d moduli in the 4d effective supergravity action. As described in [18, 19], 3- 
form fiuxes breaking SUSY correspond to non- vanishing auxiliary fields for the dilaton 
and/or moduli fields of = 1 preserving CY Type IIB orientifold compactifications. 
Hence, we may use the formalism of the 4d effective action to compute soft terms on 
gauge sectors of these compactifications, and compare the results with our above local 
analysis. 

Such compactifications always include a massless complex dilaton chiral field 

S ^ -ir ; r = C + i/g, , (7.1) 
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whose imaginary part is related to the dilaton and C is the type IIB axion. In addition 
there will be a number of complex structure scalars Ma and Kahler moduli T^. Consider 
for simplicity the dependence on a single overall Kahler modulus T, whose real part 
gives the overall radius of the compactification. In the large volume limit the Kahler 
potential has the well known form 

^ = -log{S + S*) - 31og(T + n (7.2) 

p 

where is the 4d Planck mass squared. Wc consider compactifications with a non- 
trivial background for the NSNS and RR field strength 3-forms i7(3),F(3). In this 
situation an S'-dependent effective superpotential is given by [3, 5] 

W = Acro^Go) Al) , G(3) = F(3) - z5i/(3) , (7.3) 

where k^q = |(27r)^Q;'^ is the D = 10 gravitational constant and fl the Calabi-Yau 
holomorphic 3-form. One can show that standard supergravity formulae then yield for 
the auxihary fields of T and S 

= ^(5 + 5*)V2(r + r*)-3/2(«;-2)/G'(3)*AQ 

= -4(5 + 5*)-V^(T + T*)-V2(«,-2)jG(3)AQ (7.4) 

Thus, e.g., a flux background of (3,0) type would then correspond to a non-vanishing 
auxiliary field for the complex dilaton S, whereas a (0, 3) background would correspond 
to the overall Kahler field T. The gravitino mass is given by 

ml/, = - jr^(^ + (T + TT' ii^Io) I j G(3) A n \' (7.5) 

Note that for a (0, 3) background supersymmetry is broken with a vanishing c.c. (no- 
scale structure) whereas for a (3, 0) background there is a positive c.c. given by 

«^o1/G';3^ AQp 

° M^{S + S*){T + T*)^' ^ ■ ' 

with zero gravitino mass. 

Consider now such Type IIB backgrounds in the presence of D7- and D3-branes. 
Although many of the points we will discuss are more general, let us consider first 
the case of a toroidal compactification on a factorized = T'^ x T'^ x T'^. Let us 
concentrate on the dilaton and the three Tj, i — 1,2,3 Kahler moduli which control 
the size of the tori. Consider now a system of D3- and/or D7-branes (wrapping the 
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first two tori). This is the simplest configuration that we studied in the first sections of 
this paper. Now it was found in ref. [23] (see also [24]) that the gauge kinetic functions 
for the D7{D3) Lagrangian //(/a) as well as the Kahler potential depend on S,Ti as 
follows: 

fs ^ S , = T3 , 

K = _log(5 + 5*_|$3^|2)_log(r3 + r3*-|$3^|2) 

- log(T2 + T* - |$^3|^ - l^^^l^) - log(Ti + T* - |$^3|^ - |$?,|^) 

I <!>■>- 1 - + l<I>-.|- 

(ri + ri*)V2(r2 + r*)i/2 ' ^ ■ > 

Focusing only on the dependence on the dilaton S and overall Kahler modulus T this 
yields for large T 

h ^ S , /y = T , 



K = -iog(5 + 5*) -3iog(r + r*) (7.^ 



(S + S*) (T + T*) 



a=l 6=1 



From this and the results for the auxiliary fields eq.(7.4) one can compute the SUSY- 
breaking soft terms for the case of ISD (0, 3) and lASD (3, 0) fluxes, which correspond 
to {Fs — 0,Ft 0) and (F5 O^Ft — 0) respectively by using standard supergravity 
formulae. In fact the results may be directly read out from section (7.2) of reference 
[23] Although the results for the soft terms in terms of the auxihary field vevs are 
given for D9 and D5 branes, the results equally apply for D3- and D7-branes since their 
low-energy effective actions are related by T-duahty in the 6 compact dimensions. The 
resulting expressions for the D3/D7 system, once we relate the auxiliary field vevs to 
the diverse flux components, lead to the following results 
i) ISD (0, 3) background 

This corresponds to Fs — 0,Ft 0. As expected there are no soft terms for flelds 
from 33 open strings. For other flelds in 37 and 77 sectors, one obtains 

"^^3, = ^1/2 ; "iji, = ^^2, = (7.9) 



m3/2 



^^'Specifically the soft terms correspond to setting 0| = 1/3 in that reference and sin6' = 0, 1 for 
the cases (0,3) and (3,0) respectively. 
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Using eq.(7.5) one can check that this is in agreement with our results in sections 3, 4. 
ii) lASD (3, 0) background 

This corresponds to Ft — 0,Fs ^ 0. As expected there are no soft terms for fields 
on the D7 worldvolume. For the D3 and (37) fields one gets 



p 

^0 



Mp 

where Vq is given in (7.6). The results for gaugino and trilinear couplings agree with 
the results of sections 3, 4 after substituting Vq. However, the results obtained for 
scalar masses are different. As discussed in [18], this disagreement is not surprising, 
since our formulae from the local analysis apply to situations with 4d Minkowski space, 
which in global models are only obtained for ISD backgrounds. Notice also that in the 
local analysis only is massive, as a consequence of our very restrictive ansatz for 
the warp factor and 5-form. It is clear that in the presence of additional objects, and 
indeed in any complete global compactification, the warp factor and 5-form have a 
non-trivial dependence on all coordinates. This will lead to non-trivial mass terms for 
all D3-branes scalars, as described in the general ansatz in [18], in agreement with the 
result obtained using the 4d effective action. 

We already mentioned in section 5 that soft terms for ISD backgrounds lead to a 
positive definite scalar potential (5.6) which includes all bosonic soft terms. This is 
easy to understand from the effective supergravity scalar potential. The general form 
of the later is 

V = (^g'~\DiW){DjW) - 3\W\'^) + D - term (7.11) 

where the indices run over all the chiral fields and K and W are the Kahler potential 
and superpotential of the theory. Here the Kahler covariant derivative is given by 

DiW = diW + WdiK (7.12) 

If we have = 0, Ft 7^ it is easy to see from eq.(7.8) that the only non- vanishing 
scalar potential left is that due to the auxiliary field of the chiral multiplet, i.e. 

VisD = e"" (g^\D:,W){D-^W)) (7.13) 
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where the index 3 refers to the scalar field ^^y. After rescaling the matter fields to 
canonical value one gets 

VisD = I + d^3W\^ (7.14) 

which reproduces the result in (5.6). 

We have already noted in different places the apparent symmetry of SUSY breaking 
soft terms under the exchange D3 ^ D7, Giss ^ ^123. This is easy to understand 
from the effective action point of view. Consider the gauge kinetic functions and Kahler 
potential in eq.(7.7) corresponding to D7-branes transverse to the third complex plane 
and a set of L'3-branes. Under a T-duality along the first two complex planes one has 

Dl^ < — > D3 (7.15) 
S " T3. 

T-duality is thus the origin of the symmetry of the gauge kinetic functions and Kahler 
potential in (7.7) under those replacements. From this symmetry it is clear that SUSY- 
breaking by Ft-^ 7^ (resp. 7^ 0) on L'7-branes leads to the same soft terms as F5 7^ 
(resp. Ft^ ^ 0) do on D3-branes. 

7.2 Intersecting D7-branes and ISD fluxes 

Up to now we have just considered D7-D3 systems in which one stack of parallel branes 
is located transverse to the third complex plane. More generally some interesting 
compactifications may contain different sets of D7-branes which wrap different 4-cycles 
in a CY, and intersect over complex curves. In these situations there is a new sector of 
open strings stretched between different D7-brane stacks, and it would be interesting 
to compute the effect of fluxes on their dynamics. Again we lack a DBI+CS description 
of these sectors, and moreover the local geometric symmetry (which is reduced to just 
50(2)^) is not powerful enough to determine the soft terms. However, in this case the 
effective supcrgravity Lagrangian approach described in this section is still valid, and 
provides a complete well-deflned answer. 

Let us again consider a simplifled situation in which we consider a factorized toroidal 
compactification on x T2 x T^. Chiral theories of interest may be later obtained by 
making some orbifold projection and/or adding magnetic fluxes on the worldvolume 
of the D7-branes (sec [24] for a recent discussion). We will consider three classes 
of D7-branes, denoted D7i, wrapping the 4-tori transverse to the i*'* complex plane. 
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respectively. In addition to the matter fields of in , 7j3 and 33 sectors, which we 
have considered up to now, there are additional massless hypermultiplets <l>jj from the 
l{Jj sectors, for i ^ j. Let us consider the case of two different sets of D7-branes 1)7,, 
Dlj and a set of D3-branes inside their worldvolume. The 4d superpotential which 
describes the D3- and D7-branes geometric and Wilson line scalars has the form 

WDliDlj = <i>ij<Pji<l>ii - 'Pij'Pji'Pjj + <Pij<i>37i<i>37j (7.16) 

where k ^ i,j and there is no sum on i,j indices. Consider now the addition of a (0, 3) 
ISD background, which corresponds to assuming Ft ^ 0, with the rest of the auxiliary 
fields vanishing. Prom the general no-scale potential property described above, only 
the auxiliary fields of matter fields on D7-branes contribute to the scalar potential. 
Thus we expect for the scalars at the D7i — D7j intersections to contribute to the 
scalar potential as 

Vd7,d7j (X \-M;,^ij*+d^,.W\^ = |-M;7$,/ + 0,,(/.f, + 0,,4. + (/.37,</.37,r. (7.17) 

Indeed this may be explicitly verified by using the toroidal Kahler potential for D7i- 
D7j system described in section 6 of ref.[23] and plugging Ft 0, Fs — 0. One finds 
the above result with a coefficient of proportionality —1/2 (corresponding to the power 
1/2 in the T-dependence of the metric of the D7i-D7j fields). Note that the scalars (f)ij 
at the D7i-D7j intersections become massive in the presence of a (0, 3) background. 
Thus, as a general conclusion, one observes that not only the geometrical moduli of 
each D7-brane are fixed by ISD fluxes, but also the open string moduli associated to the 
intersections are fixed. This is a natural consequence of these scalars being geometric 
moduli as well, associated to the possibility of recombining the intersecting branes into 
a single smooth one, as we briefly discuss in section 8.2 

8 Going beyond the E4 = case 

Although in previous sections we have discussed the computation of the soft terms 
for D7-branes on T"^ x C, the results are slightly more general. The main simplifying 
assumptions are given by 

i) the metric ansatz, which implicitly assumes that the D7-branes wrap a 4-cycle 
E4 with a normal tangent bundle, hence the local Calabi-Yau geometry is E4 x C. This 
on the other hand implies that E4 is Ricci fiat, and hence it is or K3. 

ii) the fact that the warp factor and 5-form are constant over the 4-cycle. This 
on the other hand, is not a fundamental restriction, but rather a technical one which 
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greatly simplifies the computations. As discussed, we expect a varying background to 
only slightly modify the conclusions obtained for a constant one. 

iii) specific profiles for the KK reduction. In particular, we have taken constant 
profiles for the internal components of the 8d gauge bosons, leading to the Wilson line 
moduh $1, $2, and constant profile for the zero mode of the 8d scalar $3. 

In this section we would like to consider how far one may go in relaxing them, and 
what results may be obtained at the quantitative or, if not possible, qualitative level. 

8.1 D7-branes on K3xC 

In this section, we argue that the computation can be extended, with little modifica- 
tion, to the next simplest case, namely D7-branes wrapped on K3 in the local model 
K3xC (see remark i)). Indeed, the local geometry is consistent with the ansatz for the 
background 

= r^^^dx^'dx" + Z2{xf'^ g^b dx^dx^ + Z2{xy^^ dzadza 

Xa — x{^)dx^dx^dx^dx^ ; -P5 = c?X4 + * 10^^X4 (8-1) 

with an expansion (3.11) for the supergravity backgrounds. The background also in- 
cludes a set of fluxes 

G3 = P Adzs + P' Adzs + J A dz^ + 7' A dz3 (8.2) 

On K3, the 2-homology is as follows. There is one (2, 0)- and one (0, 2)-form, and 20 
(l,l)-forms. The internal product uji ■ 002 = Jks^i ^ ^2 endows the 22-dimcnsional 
vector space with signature (3,19), namely there are 3 selfdual and 19 anti-selfdual 
2-forms. The above forms 7, 7' are linear combinations of these, according to 

their duality properties, see table 3.1, so the expression encodes a large number of 
components. However, most of the physics only depends on the duality properties on 
the 4-cycle and on the CY. Hence although /3, P', 7 and 7' in the above expression 
contain a larger number of flux components, the full computation in appendix A and 
in sections 3, 4 goes through. 

Also the equations of motion for the background can be solved consistently by 
considering the warp factor and 5-form to depend only on the directions Z3, z^. The 
result is also irrelevant for the soft term lagrangian, hence we skip its expression (which 
is anyway formally given by (3.30), once the latter is translated in terms of G, G', Q, 

Q'. 
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The result for the 8d soft term lagrangian is given by expressions (3.17) and (3.24), 
with the understanding that G, G', Q, Q' correspond to the relevant pieces in (8.2). 
Similarly, if there are D3-branes present, the soft terms involving the 37 fields are given 
by (4.10), with the same understanding. 

An important point concerns the KK reduction of this 8d action. Since K3 has 
no harmonic 1-forms, the KK reduction of the internal components of the 8d gauge 
fields leads to no massless scalars. This can be regarded as a non-trivial global effect 
arising from the derivative couphngs for the 8d gauge fields (included in the dots of the 
expressions for the 8d action). The mass scale of 4d massive states in the KK tower 
is 1/i? (where i? is a typical length scale of the 4-cycle) , which in the large R regime 
of validity of the analysis, is much larger than the flux-induced masses whose scale is 
a/B?. Hence, all modes arising from the internal components of the gauge bosons are 
not relevant for the flux physics, and can be ignored in the analysis below. The same 
conclusion follows for the supersymmetric partners ^i, of these scalars, which get 
a large supersymmetric mass due to compactification eflFects. 

On the other hand, there is one massless scalar from the KK reduction of the 8d 
complex scalar $3. Given the large mass of the massive states in the tower, we may 
restrict to this zero mode. As easily follows from the independence of the background 
in the 4-cycle, the internal profile of this zero mode is constant over the K3. Hence, 
despite the curvature of K3, it is still correct to drop the derivative terms in the 8d 
action to capture the physics of the massless 4d mode. The final 4d action for 77 fields 
can therefore be written 

c = TV (a^$"^a^$'^ - (8.3) 

- ^ [g* .g* + {G'y ■ {G'f) $2$^ + h.c. - ^ {g -g* + G' ■ {G')*) + 
36 18 

- ^5^M([*^ + ^Tr[ ( A , *3 ) ^^^^G'* • ^) ( ^3 ) + 

This system provides the simplest realization of a D7-brane system where all D7- 
brane moduli are lifted. The curvature of K3 eliminates the possibility of turning on 
Wilson lines, while the flux induces a mass term for the moduli associated to transverse 
motion. 

Indeed, this kind of system and the stabilization of all D7-brane moduli has been 

discussed in [21], from the perspective of F-theory on K3xii'3. 

^^As discussed in section 3.5, since in the K3 case the flux backgrounds are not constant, it is 
understood that the coeflacients appearing in the 4d soft term lagrangian correspond to the average 
value of the flux density over K3, as follows from the KK reduction. 
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8.2 D7-brane with multiple geometric moduli 

As discussed, our analysis does not exactly apply to situations where the 4-cycle has 
a non-trivial normal bundle. On the other hand, some of the obtained features can be 
extrapolated at the qualitative level to these other situations. Given that the toroidal 
case is certainly non-generic concerning the bundle degrees of freedom (e.g. Wilson 
lines), we momentarily center on aspects related to the scalars parametrizing motion 
of the D7-brane in the transverse direction. 

As discussed in section 3.3.1, there are local geometries such that the 4-cycle is rigid, 
and there arc no 4d scalars associated to D7-brane motion. On the other hand, there 
arc geometries where the 4-cyclc has multiple moduli, leading to several 4d complex 
scalars, which are massless in the absence of fluxes. From the viewpoint of the 8d 
dynamics, these 4d fields are associated to the zero modes of the laplacian operator 
for the 8d scalar field We center in this latter case, since it is richer from the 

viewpoint of soft terms. 

In the presence of fluxes, one may in principle operate as in section 3, allowing for 
a more general ansatz for the local metric, mixing directions longitudinal and normal 
to the 4-cycle. This will induce additional terms in the 8d action, which we have not 
considered. On the other hand, the terms we have computed are present in these 
situations as well, so that we again conclude that the 8d scalar acquires an 8d mass 
term induced from the fluxes. This term radically modifles its KK reduction on E4, in 
particular eliminating all previously existing zero modes. Hence we conclude that all 
geometric moduli for D7-branes are stabilized by 3-form fluxes. A more quantitative 
estimate of these masses can be obtained by splitting the 3-form flux in components 
G, G", Q, Q', according to their duahty properties on the threefold and on E4, as done 
in the case of K3. 

We would like to conclude by mentioning that it is relatively simple to consider 
examples of D7-branes with several geometric moduli. A particularly simple case is to 
consider a factorized six-torus — T"^ xT^ xT'^, and stacks of D7-branes (labeled by 
an index a) wrapped on say the third two-torus, times a 2-cycle, product of 1-cycles 
(njj,m^) in x (where i = 1,2). Each D7-brane has one position modulus (plus 
Wilson line moduli, which we ignore). In addition, two D7-branes intersect a number 
of times Yliii^aiT^l ""^^L^fe)- By suitably choosing the geometry, the configuration is su- 
pcrsymmctric and at each intersection there is a massless hypermultiplet. A particular 
simple example is to consider two D7-branes along (1,0) x (1,0) and (0,1) x (0,1), 
which, for rectangular two-tori and with some relabeling of coordinates, corresponds 
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to the configuration of intersecting D7-branes discussed in section 7.2. 

Complex scalars in this hypermultiplet parametrize the possibility of recombining 
the D7-branes into a single smooth one A convenient local model is provided by 
two D7-branes, spanning a two-torus times the complex planes x — and y — 
respectively. The scalars localized at the intersection point parametrize the possibility 
of recombining the D7-branes into a D7- on the complex curve 

xy = 6 (8.4) 

Hence our schematic analysis of D7-branes on 4-cycles with several moduli applies to 

the interesting case of intersecting D7-branes. The fact that the mentioned moduli get 
massive in the presence of fluxes is consistent with the results we found in section 7 
from the effective lagrangian approach for 7j7j fields. Related to this, the fact that the 
bosonic soft terms for all 77 fields (including 7j7j fields) can be encoded in a positive 
definite scalar potential can be understood from the F/M-theory perspective, since all 
77 fields, again including 7i7j fields, can be regarded as geometric moduli of the F/M- 
theory fourfold (the latter fields being associated to recombination of singular loci on 
the base). 

9 Applications 

9.1 Local MSSM-like models from D7/D3-branes at orbifolds 
and soft terms 

In this section we present several explicit examples of a local D7-D3 configurations 

at orbifolds which lead to a semireahstic models with the SM gauge group (or in fact 

some extensions thereof) on the worldvolume of D7 branes. The geometry is taken to 

be (T^ X C)/Zn with D7-branes wrapping the orbifolded and passing through a 

Zn singularity in the transverse dimensions. We will show that turning on ISD fluxes 

leads to an interesting structure of SUSY-breaking soft terms. The interest in having 

such kinds of local conflgurations is that, in a second step, we may embed them in a 

complete F-theory compactification with 4-form fluxes turned on obtaining in this way 

consistent softly broken N = 1 compactifications with semirelistic physics. 

^^This possibility may be constrained from D-term conditions. This represents a global obstruction 
to the cycle recombination. So not all hypermultiplets at intersections are properly speaking geometric 
moduli. On the other hand, since the effect of fluxes on flelds at intersections is local, we expect it to 
be insensitive to global obstructions. 
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Note that in [18] somewhat analogous configurations were constructed , although 
with SM physics residing on D3-branes and D7-branes. This was required in order to 
obtain non-trivial soft terms for the SM particles in the presence of an ISD background. 
On the other hand, realizing the SM on D7-branes allows to obtain non-trivial SUSY- 
breaking soft terms even in ISD backgrounds, as we have discussed in previous sections. 
The present case is thus more satisfactory, in the sense that the models may be in 
principle embedded into a complete F-theory compactifications leading to consistent 
softly broken = 1 theories once fluxes are added. 

Let us flrst consider a local geometry (T^ x C)/Z3 with the twist given by 

e : (^1, ^2, ^3) (e2-/3^i, 6^-/3^2, e-^"^/^^3) (9.1) 

and let us locate a stack of nine D7-brancs at the orbifold fixed point in the third 
complex plane. These D7-branes carry twisted CP factors given by 

7e,7 = diag (13,0; I2,Q;M2,I2) (9.2) 

with a — exp(i27r/3). Let us take a factorized torus — T'^ xT"^. The Z3 action 
leaves 3x3 = 9 fixed points in T^, which we will denote by (n, m), with n, m = 0, ±1. 
In order to reduce the gauge symmetry let us now add one (quantized) Wilson line 
with Chan-Paton (CP) matrix 

-tw,7 = diag (I7, a, a^) (9.3) 

around (say) the second torus. With the addition of this Wilson line the initial gauge 
group is now broken to f/(3) x f/(2) x U{2) x U{Vf'. Note that now the nine fixed 
points split into three groups of three each, feeling different D7-branc CP matrices. 
In particular the points (n, 0), (n, 1) and (n, — 1) feel respectively the CP twists 70,7, 

l6,7lw,7 and TejTw/j- 

Our configuration should be consistent with local tadpole cancellation conditions, 
which in the present Z3 twist are given by 

Tr7,,7 + 3Tr7e,3 = (9.4) 

where 751,3 refers to the CP matrices of possible D3-branes which may reside at the 

nine orbifold singularities. The above conditions guarantee the cancellation of gauge 

anomalies in the effective field theory. One can easily check that the matrices 76t,77w^,7 

^^The basic ingredients and techniques for model building with branes at singularities are discussed 
in [35] (see also [36]), based on the basic results in e.g. [37]. 
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and 79,77^^7 are traceless, so that tadpole cancellation conditions is satisfied at the six 
fixed points (n, 1) and (n, — 1) without the need of adding any D3-brane on them. On 
the other hand Tt^ej — 3 and one needs to add D3-branes at the three fixed points 
(n, 0) in order to cancel tadpoles. The simplest choice is to add two D3-branes at each 
of the three fixed points, with CP matrices 

7e,3n = diag(Q;,Q;^) ,n = 0, ±1 (9.5) 

which verify Tr76i_3„ = — 1. This completes the description of the local brane configu- 
ration. 

Although the apparent total gauge group is U{3) x U{2) x U{2) x U{1)^ from 
D7-branes and U{1)^ x from D3-branes, it turns out that most of the f/(l)'s 

become massive due to the standard generalized Grcen-Schwarz mechanism by which 
pseudoanomalous f/(l)'s combine with RR twisted fields and become massive [38]. An 
anomaly-free combination corresponding to U{1)b~l remains massless.Thus the actual 
gauge group is the simplest left-right symmetric extension of the gauge group of the 
SM 20, with gauge group SU{3) x SU{2)l x SU{2)r x U{1)b-l 

From the 77 sector one gets chiral multiplets transforming with respect to SU (3) x 
SU{2) X SU{2) X U{1)b-l like 

Ql = (3,2,1)1/3; Qr = (3,l,2)_i/3; = (1,2,2)0 ; ^ = 1,2,3. (9.6) 

We thus get three generations of quarks together with three sets of Higgs multiplets. 
Prom each of the three 3„7 sectors one gets chiral multiplets 

= (l,2,l)_i; R'' = (1,1,2)1 (9.7) 
= (3,i,i)_2/3; = (3,1,1)2/3 

plus four additional gauge singlets. Pinally from each 33 sector one gets three more 

singlets. In total the spectrum is that of a Standard Model with three generations of 

quarks, leptons and Higgsses. There are in addition three sets of vector-like coloured 

particles L>", which may in fact become massive if one of the singlets from the 33 

sector gets a vev. It would be interesting to study the viability of this model, but here 

we will be more interested in the structure of SUSY-breaking soft terms which may be 

induced by the presence of fluxes. 

^°One can similarly construct 3-generation models with the SM gauge group. We have chosen here 
a left-right symmetric example because the set of CP matrices is simpler. 

^^Plus possibly some additional anomaly-free f/(l)'s, which we ignore in what follows. 
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Note that the spectrum and perturbative interactions of this type of model is simply 
a projection of the N = 4 and N = 2 actions considered in previous section for 
the case of D7-branes wrapping 4-tori. Thus the relevant superpotential terms are as 
follows: 

W77 = e^jkQlQ'RH' (9.8) 

n n 

Now let us assume we add a (0, 3) ISD background Gi23- Prom the results we obtained 
in section 5 the following non-vanishing soft terms are obtained for gaugino masses, 
scalar masses and trilinear terms 

M2 = Ml = Mr = Mb-l = M = ^ {GmY 

Ar^ = A37 = -hM (9.9) 

where here h denotes the superpotential couplings as in eq. (9.8). Note that all soft 
terms are determined by a single parameter M and that only one generation of quarks 
gets soft scalar masses. This is not however a serious problem, since, once gaugino 
masses are present, the rest of the scalars will get a mass from one-loop diagrams with 
gauginos in the loop. 

In this particular 3-generation model the masses of squarks are not universal, which 
in fully realistic models may lead to phenomenological problems with too much flavor 
changing neutral currents (FCNC). Furthermore the Z3 projection does not allow for 
explicit supersymmetric masses (a //-term) which is one of the ingredients of the MSSM. 
These are properties of this particular model, but not generic properties of the flux- 
induced soft terms. 

To exemplify this fact let us now construct a different local D7/D3-brane configu- 
ration in which both features, universal squark/slepton masses and a //-term, appear. 
The example is of the Pati-Salam type SU{A) x SU{2)l x SU{2)r which is sufficient 
for our purposes. 

We will be very sketchy in the presentation since we just want to emphasize only 
the above mentioned facts. We start now with a local geometry (T*^ x C)/Z4 with the 
Z4 twist given by 

e ■ (^1, ^2, zz) (e^'^^/Si, e^^'/^Z2, e^'zs) (9.10) 
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and locate a stack of twelve D7-brancs at the orbifold fixed point in the third complex 
plane. These D7-branes carry twisted CP factors given by 

70,7 = diag (l4,a^ l2,a I2,l2, -I2) (9.11) 

with a. — exp(i27r/4). Let us take again a factorized torus — T'^ xT'^. The Z4 action 
leaves 2x2 = 4 fixed points in T^, which we will denote by (n, m), with n,m — 0, 1. 
We add now one Wilson line with CP matrix 

jwj = diag (Is, -12,12) (9.12) 

around (say) the second torus. The local tadpole cancellation conditions have now the 
general form Tr^gj + 2Trjg^3 = for each ^-twisted sector. It is easy to check that 
all local tadpoles are canceled if we locate four D3-brancs at each of the two fixed 
points (n, 0) with 76),3„ = diag (a,a''^,— 12) for n = 0,1. The D7 gauge group is 
?7(4) X U{2)l X U{2)r X t/(2)^ and there are chiral multiplets from the 77 sector as 
follows 

Fi = (4,2,1) ; Fr - (4,1,2) ; i = l,2 (9.13) 

H = (1,2,2) ; H = (1,2,2) 

Thus there are two standard quark/lepton generations corresponding to the first two 
complex planes. Prom the third (transverse) complex plane, we get Higgs doublets able 
to trigger electroweak symmetry breaking, and with Yukawa couplings eijHFlFj^ to 
quarks and leptons. We will not display the spectrum from (37) sectors which just give 
vector-like multiplets with respect to the Pati-Salam symmetry. We now turn on ISD 
backgrounds corresponding to G123 and Sgg. From the results we obtained in section 3 
and 5 the following non- vanishing soft terms are obtained 

^ Ml^Mr^M = ^ (01-23)* 



1/2 
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= -hM ] B ^ M II (9.14) 



where is a SUSY mass for H, H. Although this Z4 model has only two generations, the 
above set of soft terms is quite simple and predictive and have a number of interesting 
properties. All soft terms are determined by the fiuxes G123 and S'gg or, alternative 
by the two parameters M, The squark/slepton masses are universal and equal to 
zero. This poses no phenomenological problem since they all get large masses at the 
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one-loop level, as has been abundantly analyzed in the SUSY literature. On the other 
hand, due to its universality FCNC transitions are suppressed. As we said, one of the 
interesting aspects is that both a fj,- and a S-term, which are important ingredients in 
the MSSM are obtained, with the simple prediction B — Mji. 

The above examples show that ISD fluxes on D7/D3-brane systems not only are 
promising in order to stabilize the dilaton and complex structure moduli, but also in 
order to obtain consistent semirealistic Type IIB backgrounds in which fluxes induce 
SUSY-breaking soft terms of possible phenomenological interest. A comment is in 
order concerning the scale of the SUSY-breaking soft terms. In analogy with the 
case of D3-branes, they have a typical scale of a'/R^, with R a typical length of the 
compactiflcation manifold. In situations with homogeneously distributed fluxes, this 
may be recast as M^/Mp. As discussed in [18] the soft term scale may be as low as the 
weak scale by taking the string scale around the intermediate scale Mg — 10^^ GeV. 
Another possibility would be to exploit the effects of a inhomogeneous warping in the 
internal space to obtain alternative suppression factors. 

9.2 Application to KKLT de Sitter vacua 

As mentioned in the introduction, another application of our results is related to the 
proposal in [11], speciflcally to the proposed mechanism to achieve stabilization of 
Kahler moduli. This should occur due to non-perturbative contributions to the su- 
perpotential (depending on Kahler moduli), arising from strong infrared dynamics on 
D7-brane gauge sectors or from euclidean D3-brane instantons. A potential problem in 
generating non-perturbative superpotentials from the formed is that 7-branes may con- 
tain too much massless charged matter. Our results for soft terms involving D7-brane 
matter flelds show that the presence of ISD fluxes generally give masses to all the D7- 
brane geometric moduli. This indicates that generically D7-brane vector-like matter is 
massive, thus allowing such non-pcrturbative superpotentials to appear. One explicit 
example is provided by our K3 example in section 8.1, where in the absence of fluxes 
the D7-branc gauge theory is pure N = 2 SYM, while after introducing supersymmet- 
ric fluxes one is left with pure = 1 SYM, which develops a gaugino condensate. This 
is also in agreement with recent results derived from the F-theory perspective in [21], 
and from generalized calibrations [22]. 

We would like to mention that, as discussed in [21], an analogous mechanism may 
occur concerning the second source of non-perturbative superpotentials, namely eu- 
clidean D3-brane instantons. An euclidean D3-brane instanton (a D3-brane wrapped 
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on a 4-cycle) may contribute to the superpotential if if has two fermion zero modes. In 
the standard case, this is achieved if the wrapped 4-cycle, once hfted to M/F-theory, 
leads to a 6-cycle of arithmetic genus equal to one [39] . However, this argument ignores 
possible effects of the flux on the euchdean D3-brane, which could change the situa- 
tion as follows. Consider a D3-brane instanton wrapped on a 4-cycle leading, in the 
absence of fluxes, to a larger number of fermion zero modes. In the presence of fluxes, 
the instanton action may contain flux-induced terms, lifting pairs of such fermions zero 
modes, and leaving just two in suitable situations. Such configurations would then 
contribute to the superpotential. 

We would like to point out that, beyond the superficial analogy with the flux effects 
on D7-branes (which also wrap 4-cycles, etc), there is a deep connection between the 
two non-perturbative contributions to the superpotential, and the role of flux effects 
in both situations. Namely, instantons on the D7-brane gauge theory can be regarded 
as euclidean D3-branes wrapped on the D7-brane 4-cycle (and dissolved into the D7- 
brane). Hence certain non-perturbative effects on the D7-branes can be described in 
terms of such euclidean D3-branes. For instance, the gaugino condensate of a D7-brane 

= 1 SU{n) gauge theory can be understood in terms of fractional instantons, de- 
scribed by euclidean D3-branes whose 6-cycles in the F/M-theory picture are given by 
exceptional divisors of the elliptic fibration degeneration (i.e. the base 4-cycle times a 
collapsed 2-sphcre in the elliptic fibration degeneration). Thus, the computation of the 
lifting of D7-brane massless matter, leaving an infrared gauge theory with strong dy- 
namics, contains the implicit computation of the lifting of euclidean D3-brane instanton 
fermion zero modes from flux-induced effects. 

It would be very nice to carry out the computation of the flux-induced effects on 
euclidean D3-branes more explicitly. We hope the techniques reported in this paper 
are useful in this direction. 

We would like to end by making a few comments about the extent to which our 
results for soft terms apply to the scenario in [11] to construct deSitter vacua in string 
theory. In the original proposal there are essentially three ingredients: 

• One first compactifies Type IIB theory on a CY orientifold and adds (0, 3) ISD 
fiuxcs. The superpotential induced by the fiux fixes the dilaton and all complex 
structure moduli. The theory has a no-scale structure with a vanishing cosmo- 
logical constant. 

• In a second step a modulus dependent superpotential W{T) is introduced. This 
breaks the no-scale structure and gives rise to an isolated supersymmetric anti 
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de-Sitter minimum, with negative cosmological constant. The modulus T is thus 
fixed. 



• Finally the cosmological constant is increased to a (possibly tiny) de Sitter value, 
by adding a set of anti-D3-branes in the bulk (for other possible sources of positive 
tension, see e.g. [40]). 

The kind of soft terms we have computed apply to the theory obtained after the 
first step only. In principle, using the effective supergravity Lagrangian approach and 
including a non-perturbative supcrpotential W{T) one can also compute soft terms in 
the KKLT vacua. The results however will depend on the form of W{T) as well as on 
the Kahler potential and gauge kinetic function of the effective theory. Furthermore, 
there will be additional dependence on the specific way by which we increase the 
vacuum energy up to de Sitter space. Preliminary work seems to show that, depending 
on how all these details work out, our specific results for soft terms will apply or not 
to de-Sitter vacua with the ingredients in [11]. We postpone a systematic discussion of 
these issues for future work. 

10 Final comments 

Flux compactifications have been introduced as a canonical mechanism to lead to 
stabilization a large number of moduli in string compactifications. Interestingly, be- 
sides addressing this long-standing problem in string theory, they provide an extremely 
tractable mechanism to break supersymmetry in string theory, in a computable regime. 
In fact, despite the seemingly complicated structure of the models, it is possible to carry 
out detailed computations of the flux-induced soft SUSY-breaking terms in gauge sec- 
tors locahzed on the volume of D-branes in the models. 

In this paper we have described the effects of held strength 3-form fluxes on con- 
flgurations of D3/D7-branes, with D7-branes wrapped on 4-cycles, in Calabi-Yau com- 
pactiflcations. The computation and results turn out to be richer and more interesting 
than the similar effects on D3-branes, discussed in [18, 19]. 

We have carried out a complete analysis of flux-induced soft terms on D7-branes in 
local Calabi-Yau geometries, by expanding the DBI-I-CS world-volume action coupled 
to the flux supergravity background. For the more complicated sector of open strings 
stretched between D3 (or anti-D3) branes and D7-branes, where a similar general action 
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is not known, we have succeeded in exploiting the symmetries of the system to fully 
determine the soft terms. 

We have emphasized that in D3/D7-brane systems, a prominent role in determining 
the 4d physics is played by the 4-cycle on which the D7-branes wrap. Although our 
computations have been explicitly carried out only in the case of D7-branes wrapped 
on T^, the correct identification of the underlying physical interpretation of the soft 
terms has allowed us to extrapolate the results to other situations, hke D7-branes on 
K3, or on 4-cycles with multiple geometric moduli. 

The results markedly differ from the situation with just D3-branes. Indeed, we have 
found that gauge sectors on D7-branes acquire non-trivial soft terms even in the pres- 
ence of ISD 3-form fluxes. This is interesting, since such fluxes lead to consistent string 
compactiflcations to 4d Minkowski space without any runaway potential for Kahler 
moduli. Hence the models constitute 4d classical string vacua with zero cosmological 
constant and non-trivial soft terms for the gauge sector on D7-branes. 

This imphes no contradiction whatsoever with the no-scale structure of the 4d 
effective action. Indeed, we have exactly reproduced the soft terms computed in the 
local analysis from the 4d effective action, where the flux background components are 
identified with auxiliary fields of the different moduli chiral multiplets. 

This is an improvement over the situation with just D3-brancs, where, in order to 
obtain non-trivial soft terms, one must cither consider D3-branes in lASD fiuxes (which 
in compact models lead to runaway potentials for Kahler moduli), or anti-D3-branes in 
ISD fluxes (where now the backreaction of the antibranes would induce the potential) . 

The set of four-dimensional gauge sectors which can be constructed using D3/D7- 
brane conflgurations is extremely rich, and includes semirealistic models, which are 
nevertheless very tractable (being orbifold projections of toroidal and flat space mod- 
els). Therefore, we believe that D3/D7-brane conflgurations embedded in 3-form flux 
backgrounds provide a well-deflned and very interesting starting point for phenomeno- 
logical studies of SUSY-breaking in string theory. Further discussions in this direction 
have been initiated in [20] . 

Finally we have also emphasized that our results have an important application 
to the recent proposal in [11] to stabihze all moduli. In particular, flux effects hft- 
ing charged vector-like matter on D7-brane world-volume help in generating non- 
perturbative superpotentials for Kahler moduli. 

Clearly, many questions remain open. For instance, it would be interesting to 
evaluate the impact on soft terms of additional ingredients possibly present in more 
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involved compactifications (like non-perturbative superpotentials for Kahler moduli, or 
additional sources of tension). It is very tempting to speculate that, since D-branes are 
only sensitive to the local background around them, and our analysis has considered a 
fairly general such local background (with 4d Poincare invariance being the only strong 
assumption), our results will be valid for any model with small enough cosmological 
constant (much smaller than the flux scale). 

Also it would be interesting to extend our analysis to more involved configurations 
of D7-branes, for instance D7-branes carrying non-trivial gauge bundles on their world- 
volume. In the toroidal setup, such models are dual to configurations of intersecting 
D6-branes, which have been extensively studied for phenomenological model building. 
Hence, a detailed analysis of the resulting soft terms for these configurations would 
very much improve the possible phenomenological applications of fluxes. 

We expect much progress in these and other directions, in the interesting interplay of 
D-branes and fluxes, in particular concerning supersymmetry breaking and soft terms. 
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A Computation of the D=8 action and dimensional 
reduction in a T^. 



In this section we present the detailed computation of the expressions (3.17) and (3.19). 
The conventions that we will adopt are exactly the same than in [18], summarized in 
the appendix therein. 

As we mentioned in the main text, our starting point is Myers' action for a D7-brane 
written in the Einstein's frame 

-PL7 J d'^ STr [ e-t' ^- det{P[E^, + E^'^ - ^Y'EjJl + aF^,) det(Qy ) " 
+ iJi,gs JSTr(P [aCeF2 + Cg - CeB^]) 

where in the CS action we have kept only pieces giving contributions to the soft terms. 
For our particular background PlE^y + Eni{Q~^ — 5y^EjJ\ and Qj- are given by 

P[E,, + E^,{Q-'-5rE^J\ = P[g^,g]/^-B,,5l5l + 5;B,M-'-^r''B^,5l] 

We start by computing the first determinant in the DBI piece of the action. Neglecting 
derivative couplings, it can be factorized between the Minkowski and the 4-cycle pieces 
as 

det{P[E^, + E^iiQ-' - Sy^Ej,] + F^,) = 
= det{g^,gy^ + 2gyWD^^^D,^^ + aF^,) ■ detig^^ + aFab - Bab + (A.l) 
+2^y2^2^^^3^^^3 ^ BamiQ-' - Sr^Br^b - aB^^^Db)^' - aB^^Db)^') 

with a, b running over the internal coordinates of E4 and 

- da^"" + t[Aa, $"^] = t[Aa, $"^] (A.2) 

SO there can still be possible contributions from the covariant derivative in the non- 
abelian case. 

Ignoring derivative couplings is justified because the relevant fields in the two cases 
we center on, namely x C and K3xC, have constant profiles in the 4-cycle, as 
explained in the main text. It is however straightforward (but lengthy) to take them 
into account to obtain the complete 8d action, hence we do not provide the result. 

We can expand now these two determinants making use of the formula 

det{l + M) ^ 1 + Tr M - ^Tr + hTr Mf + . . . (A.3) 
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where the dots in this and in further expressions refer to contributions giving rise to 
derivative couphngs or couphngs with dimension higher than four in the low energy 
effective action. 
Therefore, 

det{P[E^, + E^,{Q-' - 6y'E,,] + aF^,) = (A.4) 

- gyF^^F^ + a'g'J'[A,, [A\ + igta{Bsa[A\ + SgJA", ^^]) + . . . 

The last term of this expression will survive to the KK reduction only in cases on which 
the Wilson hue moduli and have profiles with different parity. This is not the case 
in compactifications on 4-cycles trivially fibered in the normal direction. Therefore, in 
what follows we will include as well these terms in the final dots. 

The second determinant of the DBI piece is much simpler to compute 

det{Q))^l + a\[^',<^']rg, (A.5) 

Putting everything together and Taylor expanding the square root, we have the follow- 
ing eight dimensional action 

L = firgsSTrZ^\^^,^^)Z2i^\^^)[l + a^d^<^'d^^^- (A.6) 

-\gscy\[^\ ^^]f - \gsAA\ ^'W, ^1 + i^C, af^ + Cs-C.a B^)^, + . . .) 

It only remains to plug our background in this expression. Prom the equations of 
motion of Type IIB supergravity (see e.g. [41]) one realizes that Cg and Cg (in our 
conventions) are given by 

dCe ^ HsA (^C4 + A C2) - *ReGs (A.7) 
dCs = HsACq- *Re dr 

Decomposing G3 as in (3.1) and making use of these expressions, we can integrate the 
relevant RR and NS field strengths for our particular background to obtain 

C^6|m4xE4 = -^((/3 - - iP' - P'*)^' - (7 - Y)z' + (7' - 7'*)^') A d Volu + ... 

^^We have chosen a gauge on which all the coordinates transverse to Minkowski are treated in the 
same way. 
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{P'z^ + jz^ - (3*z^ - i*z^) A {(5'z^ + ^z^ - f3*z^ Ad VoUd 

i?2|E, = -|((/5-/5*)/ + (/5'-r)/ + (7-7*)^' + (7'-7'*)^') (A.8) 

with = iP'^^y, etc. 

Plugging these expressions in (A. 7) we finally get 

£ - /X7^,a25TrZfl($^$5)Z2($^$^)(^^-9^$^5^$^+ (A.9) 
-||(27* A *47'^^^^ + 2/5* A *4/3'^^^^ - 7' A *47'^^^^ - A *4/9'$^$^ + /i.c.)|e4 

oD 

+ i,,^'A^A' + /i.e.)- 



which in terms of the SU(3) irreducible representations of Table 1 can be rewritten as 

C = /X7^?.^'5TrZfi($3,$3)^2($',$')(^ + 9^$'5^$'- (A.IO) 
^'^^^12)' + 7(^12)' - IcmS-ss - ^^22^11)$^$^ + h.c. - 



18 ' 4' ' 2 4 
18 



+ E jesjk{{S,,y + iA,,r)^'A^AP^ + h.c.- 

j,k,p=l,2 

- ^fe,,sS,,A^A^^' + h.c. - '^Gm^'Al'A^^ + h.c. - 

- ^4^^^(^][A"^^yl'^]+a^^'^a^A'^-^^,([$^$^])^-^^,[A^$3][^.^^3]) ^ 

We can perform now the dimensional reduction in the simplest case of E4 — T^. Since 
on this case the profiles of the fields are constant over the 4-torus, the derivative 
couplings will not give any contribution in the four dimensional action, consistently 
with our above considerations. Therefore, the integration over T*^ becomes trivial 



— 



(27r)5(aO 



-| \\Gm? + l\S-ss\' + i ^ E^d^r + l^.f )j ^'^'+ (A.ll) 
+ E fe3,fe((^fep)* + (^fep)*)*'*f^*^"'+/i.c.- 

j,k,p=l,2 

-|e,,3^33'^'''^'''^'' + h.c. - ^Gi23<^''*f'$'l + h.c- 
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where V is the volume of T*. 

Finally, rescaling all the fields by (27r)^/^Q;'V~^/^ in order to have canonical kinetic 
terms, we get the four dimensional action 

Ad = Tr{d,<^"'d,<^'^- (A.12) 
9s f^i 



18 



1/2 

k,p=l,2 " 



with qym given by 



gi.^^gs{2nf{arV-' (A.13) 
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